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at  extremely  high  electric  fields  and  impact  ionization  and  quantum  well 
hetero junction  lasers.  ! 


1.  Lateral  Transport  in  Superlattices 

A  new  mechanism  was  introduced  to  obtain  negative  differential  resistance 
in  layered  heterostructures  for  conduction  parallel  to  the  interface.  The 
mechanism  is  based  on  hot-electron  thermionic  emission  from  high  mobility 

M 

GaAs  into  low  mobility  Al^Ga^As  and  represents  the  real  space  analogy  to 
the  Gunn  effect  (paper  1).  The  validity  of  this  idea  was  substantiated  by 
phenomenological  treatments  (paper  2) ,  Monte  Carlo  Simulations  (paper  3)  and 
experiments  (paper  4).  This  effect  is  vital  for  any  high  field  transport 
application  in  layered  structures  for  scaling  laws  of  the  high  mobility 
transistor,  (T.  Mimura,  S.  Hiyamizu,  T.  Fuji!  and  K.  Nambu,  JJAP  _19,  225- 
227, 1980)  emission  of  electrons  into  substrates,  etc.  Our  work  on  this 
effect  continues  especially  with  respect  to  the  possibility  of  fast  switching 
and  storage  between  layers.  The  interest  in  this  effect  led  to  the  de¬ 
velopment  of  a  fairly  complete  theory  of  transport  in  heterolayers  which  was  also 
treated  and  partly  expanded  by  B.  K.  Ridley  and  P.  Price. 

2.  Transport  at  Extremely  High  Electric  Fields  and  Impact  Ionization 

We  have  developed  a  Monte  Carlo  simulation  of  impact  ionization  including 
the  bandstructure  as  calculated  by  the  empirical  pseudopotential  method 
(papers  5  and  7) .  We  chose  to  include  bandstructure  effects 
into  transport  phenomena  i.e.  we  calculated  transport  at  high  energies  while 
all  other  groups  in  this  area  rather  calculate  transport  at  high  fields. 


We  were  able  to  show  the  vital  importance  of  the  bandstructure  to  impact 


ionization  phenomena  and  to  fit  our  results  to  most  existing  experimental 
data  (except  for  the  anistropy  measured  by  Pearsall  as  pointed  out  in  paper 
6) .  We  consider  this  penetration  to  high  energies  and  deep  into  the  bands  as 
vital  for  the  development  of  high  field  transport  and  continue  this  project 
to  include  various  materials  and  also  high  scattering  rates. 

We  also  investigated  impact  ionization  in  layered  structures  and 
designed  a  low  noise  avalanche  photo  diode.  This  structure  was  successfully 
fabricated  at  Bell  Labs  (Capasso  et  al.  IEDM  to  be  published)  and  confirms 
our  theoretical  predictions  (paper  8) . 

3.  Drift  at  Extremely  High  Electric  Field 

A  system  for  measuring  the  high  field  drift  with  the  microwave  time  of 
flight  technique  has  been  set  up.  It  is  currently  successfully  used  in  a  follow 
up  project  (supported  by  ONR) 

4.  Quantum  Well  Hetero junction  Lasers 

Our  work  on  quantum  well  heterojunction  lasers  centered  on  theoretical 
aspects  of  the  participation  of  hot  electrons  and  phonons  in  the  laser 
operation.  The  work  was  performed  in  cooperation  with  the  group  of  Professor 
N.  Holonyak,  Jr.  and  resulted  in  publications  on  phonon  contributions  to  laser 
operation  (9,  10)  the  effect  of  compositional  disorder 

on  the  energy  of  the  emitted  light  (11),  exciton  recombination  (12),  the  tem¬ 
perature  dependence  of  the  threshold  current  (13),  the  effect  of  phonon 
reflectors  (14)  and  finally  in  a  summary  of  the  hot-electron  and  laser  research 


PREVIOUS  REPORTS 
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N'R  522-086,  University  of  Illinois  at  Urbane-Champaign,  "Hot  Electron  facts 
of  Importance  for  Micron  and  Submicron  Devi  con,"  ?.I.  -  K.  Hens  ■*•: 1  8. 

Stillman,  (217;  333-6362,  N00014-79-C-C763. 

The  goal  of  this  research  is  to  understand  Hie  basic  mechanisms  cf  :  ?h- field 
electronic  transport,  drift,  diffusion  and  generation-rec^m bloc  t  ion  in 
materials  which  are  important  or  have  hizh  rotontial  for  device  arcli cations . 

Progress :  We  have  developed  a  computer  urogram  for  high  field  tran'-cor*:  which 
includes  a  realistic  band  structure  »s  calculated  by  tk*  empirical 
pseudopotential  model.  This  numerical  technique  allows  us  to  calculate  impact 
ionisation  almost  from  first  principles  including  the  orientation  lependence, 
energy  loss  by  polar  optical  and  deformation  potential  scattering  and  also 
spatial  dependences  as  encountered  in  semiconductor  he  tore,;  "no  tion3 
(publications  1-3) •  Our  investigations  cf  transport  in  he terej unction  layers 
led  us  to  the  concept  of  real  space  transfer  hot  eleofrori  thermionic 

emission  out  of  potential  wells.  This  ccucept  has,  in  cur  op  in  ,  a  high 
potential  for  novel  device  applications  (publications  -1.5).  part  of  cur 
research  was  connected  with  scattering  processes  at  interfaces  and  with 
transport  in  quantized  inversion  layers.  Her**  we  assessed  the  tanoe  of 

remote  phonon  scattering  (publication  6).  The  influence  of  the  ’noting  of 
electrons  to  suprathermal  levels  on  th?  thresfioll  "urrent  of  he ur.o tion 
lasers  was  investigated  and  it  was  found  that  the  temperature  dependence  is 
reduced  by  these  effects  (publications  7. o'*.  Finally,  we  investigated  'in 
cooperation  with  Prof.  M.  Holonyak,  Jr.'  the  influence  of  My;  phonon 
densities  on  quantum  well  heterojunction  lr’-’r.  It  was  found  that  to-.-  r-honon 
occupation  numbers  can  be  enhanced  a  fa  of':*  1  ’  or  mare  over  the  equilibrium 
thermodynamic  average  value  in  specific  -*t:">  •  *■  'res  ( nub  lion Li  on? 
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Abstract— Calculations  are  presented  for  negative  differential  resistance  (NDR)  and  switching  in  layered  GaAs- 
AI  Gai-.As  heterostructures  with  a  high  electric  field  parallel  to  the  interface.  The  mechanism  is  based  on 
thermionic  emission  of  hot  electrons  from  the  GaAs  layers  into  the  AI,Ga,_,As  layers.  An  analytical  model  is 
obtained  in  the  limit  of  relatively  large  layer  widths  (400  A  or  wider).  The  method  of  moments  is  employed  to  solve 
the  Boltzmann  equation,  assuming  a  position-dependent  electron  temperature  and  Quasi-Fermi  level  in  the 
AI,Ga,_,As  layers,  and  a  position-independent  electron  temperature  and  Quasi-Fermi  level  in  the  narrower  GaAs 
layer.  Thermal  conduction  of  hot  electrons  from  the  GaAs  layer  into  the  AI,Ga,.,As  layers  is  taken  into  account. 


The  results  of  the  calculations  show  that  the  threshold  el 
ratio  can  be  controlled  to  a  large  extent  by  adjusting  the 
and  the  potential  barrier  <AI  mole  fraction  in  the  AI,Ga,_ 

NOTATION 

Ei,  effective  field  strength  £0  =  meat, ,  (- — 

<0/ 

£V,  Quasi-Fermi  level  in  the  GaAs  layer 
Ef:Ix)  position-dependent  Quasi-Fermi  level  in  the 
AI,Ga,.,As  layer 
<  energy  of  the  electron 
F  applied  electric  field 
taio  optical  phonon  energy  in  the  GaAs 
ji-j  thermionic  current  from  the  GaAs  layer  to  the 
AI,Ga,-,As  layer 

k-t  thermionic  current  from  the  AI,Gai_,As  layer  to  the 
GaAs  layer 

K„  Bessel  function  of  order  0 
K,  Bessel  function  of  order  I 
k„  k,  components  of  the  electron  wave  vector 
i,  width  of  the  GaAs  layer 
L;  width  oi  the  AI,Ga,.,As  layer 
m?  electron  effective  mass  in  GaAs 
mt  electron  effective  mass  in  AI,Ga(_,  As 
N  total  number  of  electrons  in  the  system 

S,  number  of  electrons  in  the  GaAs  layer 

iV,  number  of  electrons  in  the  AI,Ga,.,As  layer 
To  lattice  temperature 

T,  electron  temperature  in  the  GaAs 

Tl(x)  position-dependent  electron  temperature  in  the 
AI,Gai,,As 

A£  potential  farrier  height 
Mi  electron  mobility  in  GaAs 
M;  electron  mobility  in  AI.Ga,.,  As 

1.  INTRODUCTION 

Negative  differential  effects,  typified  by  the  tunnel  diode 
and  the  Gunn  diode,  are  of  fundamental  interest  and  are 


'Supported  by  the  Joint  Services  Electronics  Program  iU.S. 
Armv.  U  S.  Naw.  U.S  Air  Force)  under  Contract  Number 
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ectric  field  for  ihe  onset  of  NDR  and  the  peak-to-valley 
mobility  of  the  AI,Ga,.,As  layer,  the  layer  dimensions, 

,As). 

also  important  for  their  possible  applications  to 
microwave,  switching,  and  memory  devices.  Recently  a 
new  mechanism  has  been  proposed  to  obtain  negative 
differential  resistance  (NDR)  in  semiconductor 
heterostructures  (1).  The  basic  structure  of  this  device 
consists  of  alternating  GaAs-AI,Ga,-,As  multilayers,  or 
other  appropriate  lattice-matched  materials  with  dissimilar 
band-gap  energies  and  carrier  mobilities.  It  has  been 
mentioned[l]  that  this  mechanism  may  benefit  from 
modulation  doping|2,  3]  of  the  layers.  In  such  a  structure 
electrons  reside  primarily  in  the  GaAs  potential  wells  at 
equilibrium.  NDR  is  obtained  by  applying  a  high  electric 
field  parallel  to  the  layer  interface,  sufficient  to  cause 
thermionic  emission  of  hot  electrons  from  the  high- 
mobility  GaAs  layers  into  the  neighboring  low-mobility 
Al.Gai-.As  layers.  We  have  previously  calculated  cur¬ 
rent-voltage  characteristics  for  such  structures[l],  which 
exhibit  NDR  at  an  electric  field  of  3.4kV/cm.  In  those 
preliminary  calculations,  however,  the  GaAs  and  the 
AI,Gai_,As  layers  were  treated  independently  in  the 
sense  that  the  exchange  of  energy  and  momentum  by  the 
electrons  in  the  GaAs  and  the  AI,Gai-,As  layers  was 
not  taken  into  account.  Therefore,  the  current-voltage 
characteristics  showed  the  "polar  runaway"  at  an  elec¬ 
tric  field  of  3.4kV/cm  typical  of  polar  optical  phonon 
scattering.  In  a  more  realistic  treatment,  however,  one 
must  account  for  exchange  of  electrons  between  the 
layers,  and  consequently  exchange  of  energy  by  the 
transfer  of  hot  electrons  into  the  Al,Gai-,As  layer  and 
the  reverse  transfer  of  cooler  electrons  into  the  GaAs.  In 
this  paper  we  extend  our  previous  calculations  to  include 
this  effect  in  the  limit  of  large  layer  dimensions.  We  used 
the  method  of  moments  to  solve  the  Boltzmann  equation 
at  the  GaAs-AI,Gai-,As  interface,  assuming  a  position- 
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dependent  electron  temperature  and  Fermi  level  in  the 
Al,Cui_,As  lax. er.  Special  attention  is  given  to  the 
degree  of  control  of  the  device  characteristics  by  the 
adjustment  of  the  following  parameters:  the  mobility  of 
the  Al.Gai-,  As  laver:  the  laser  dimensions:  the  Al  mole 
fraction  land  therefore  the  potential  barrier  height). 


this  energy  and  momentum  exchange  between  the  GaAs 
and  the  Al.Gai-,  As  layers,  one  must  solve  the  Boltzmann 
equation: 


iMr 

at  ft 


*V-v  r,/=i 


•1 


Hi 


l  ANALYTICAL  CONSIDERATIONS 

Figure  1  shows  schematically  the  band  structure, 
doping  distribution,  and  electron  mobility  of  modulation 
doped  GaAs-AI.Gai_.As  layers.  The  Al,Ga,_,As  layers 
are  intentionally  doped  to  a  density  of  10'7  -  1018  cm-’, 
whereas  the  GaAs  layers  contain  only  unintentional 
background  impurities  (lO'4- I015 cm"')[2].  At  thermal 
equilibrium  the  electrons  reside  at  the  minimum  of  the 
potential  wells,  i.e.  in  the  GaAs  layers.  When  separated 
from  their  parent  donors  by  more  than  200  A  these 
electrons  experience  strongly  reduced  impurity 
scattering[2.4].  Therefore,  for  a  typical  layer  thickness 
of  400  A  the  electron  mobility  in  the  GaAs  layer  will  be 
very  high  t>  5000  cnr/V. sec  at  300  K).  Dingle  et  al.  have 
experimentally  observed  a  mobility  of  5000 cnr/V. sec  at 
300  K.  and  even  higher  mobilities  (  -  15000  cnr/V. sec)  at 
lower  temperatures [2],  The  AI,Gai_,As  layers  can  be 
made  strongly  compensated,  and  thereby  the  mobility  in 
these  layers  can  be  very  low  (  ~  500 cnr/V. sec  or  less). 
Application  of  a  high  electric  field  parallel  to  the  layer 
interfaces  of  this  structure  will  result  in  heating  of  the  high 
mobility  electrons  in  the  GaAs  layer  only.  When  the  mean 
kinetic  energy  of  these  electrons  becomes  comparable  to 
the  potential  barrier  height.  AE.  they  can  be  thermionically 
emitted  into  the  Al.Gai.,  As.  During  the  transfer  from  the 
high  mobility  GaAs  layer  to  the  low  mobility  Al.Gai-,  As 
layer,  the  sample  should  exhibit  negative  differential 
resistance. 

The  problem  is  complicated  by  the  fact  that  some  of  the 
cooler  electrons  in  the  Al.Gai-, As  can  undergo  reverse 
transfer  into  the  GaAs  layer.  In  order  to  take  account  of 


Fig.  I.  Schematic  diagrams  of  doping  density,  electron  mobility, 
and  conduction  band  energy  of  modulation-doped  layers. 


with  appropriate  boundary  conditions.  Due  to  the  com¬ 
plexity  of  the  boundary  conditions  in  the  case  of  real 
space  transfer,  an  explicit  expression  for  the  distribution 
function  cannot  be  obtained.  Therefore  we  assume  a 
Maxwellian  form  for  the  isotropic  part  of  the  distribution 
function,  with  a  position-dependent  electron  tem¬ 
perature.  This  assumption  is  justified  by  the  fact  that  the 
electron  density  is  high  in  the  GaAs  layer  at  the  start  of 
the  electron  transfer,  since  the  GaAs  layer  collects  elec¬ 
trons  from  the  neighboring  layers.  Typically  the  GaAs 
layer  will  have  an  electron  density  of  lO1*- 10‘’cm'’. 
Electron-electron  collisions  will,  therefore  randomize 
the  energy  gained  in  the  electric  fie'd  direction  and 
establish  a  Maxwellian  distribution.  Above  the  band  edge 
of  the  AI,Gai-,As  the  electrons  in  the  GaAs  will  follow 
a  "cooler"  distribution  function  because  of  the  reverse 
transfer  of  cooler  electrons  from  the  Al.Gai-, As.  For 
the  sake  of  simplicity,  however,  we  will  assume  the 
GaAs  layer  is  sufficiently  narrow  that  a  single  electron 
temperature  can  be  used  in  the  GaAs. 

In  the  calculations  we  have  deliberately  chosen  typical 
layer  widths  larger  than  400  A.  This  will  avoid  the  com¬ 
plications  arising  from  size  quantization  effects  and  other 
two-dimensional  effects.  One  of  the  consequences  of 
such  effects  is  the  increase  of  the  NDR  threshold  electric 
field  by  a  factor  of  two  at  room  temperature  (1].  This 
occurs  because  polar  optical  phonon  scattering  is 
enhanced  in  two-dimensional  systems.  The  choice  of 
large  layer  width  also  allows  the  use  of  the  semiclassical 
Boltzmann  equation.  With  large  layer  widths,  the  poten¬ 
tial  fluctuations  due  to  the  statistical  distribution  of  the 
impurities  can  also  be  neglected.  Supposedly,  however, 
the  transfer  speed  is  slower  for  large  layers,  which  is  not 
considered  here. 

Figure  2  shows  the  model  used  in  the  calculations.  We 
assume  a  position-dependent  electron  temperature. 
Tjx),  and  Fermi  level.  EF;lx).  in  the  AI.Ga,.,As  layer. 
Because  of  the  small  dimensions,  the  use  of  the  Quasi- 
Fermi  level  is  justified  only  at  very  high  electron  den¬ 
sities.  Similar  methods  have  recently  been  employed  by 
others  [51  to  analyze  the  thermionic  emission  in  metal- 


Fig.  1  Simplified  electron-temperature  model  with  coordinate 
system  used  for  the  calculations. 
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GaAs  contacts.  In  the  GaAs  layer  we  assume  a  position- 
independent  electron  temperature,  T„  and  Fermi  level, 
EF].  With  this  assumption  we  only  need  to  solve  for  the 
position  dependence  of  the  electron  temperature  and  the 
Fermi  level  in  the  AI.Ga,-,As  layers.  The  thermal  con¬ 
duction  of  hot  electrons  from  the  GaAs  layer  into  the 
Ai,Ga,-,  As  layers  is  then  accounted  for  by  the  slope  of 
Tl(x)  at  the  interface  boundary.  Although  at  the  boun¬ 
dary  the  slope  of  T,  in  the  GaAs  layer  is  zero,  we 
assume  that  the  same  amount  of  energy  (as  given  by  the 
slope  of  rL(Jt)l  is  extracted  from  the  GaAs. 

We  then  proceed  to  assume  a  distribution  function  of  a 
form; 


/  =  /« (e,  x)  +  g(e.x)ky  +  h(e,  x)k„  (2) 

where  fde.x)  is  a  Maxwellian  distribution; 

/*.*>- exp  [3=^].  (3) 

The  coordinate  system  is  shown  in  Fig.  2.  The  electric 
field  is  in  the  v-direction.  The  second  term  of  eqn  (2) 
represents  the  drift  term  of  the  distribution  along  the 
electric  field  as  is  usual  for  a  spatially  uniform  system[6]. 
The  third  term  is  to  take  into  account  the  spatial  nonuni¬ 
formity.  It  represents  the  displacement  of  the  dis¬ 
tribution  perpendicular  to  the  electric  field.  This  term  is 
essential  to  account  for  the  energy  flow  normal  to  the 
field  directions.  After  substituting  eqn  (2)  into  the  Boltz¬ 
mann  eqn  (1).  we  then  separate  the  variables  into  equa¬ 
tions  for  the  spherical  symmetric  part  and  the  drift 
terms.  The  method  of  moments(7!  is  then  utilized  to 
obtain  the  equations  for  Tjxl  and  £F2(x).  The  set  of 
equations  obtained  is  given  below; 

=  ^f^krj-expl-  EF,lkTLijp 

(4) 

{(kTL)vzexp<EFJkTL)] 
jp  {{kTL)sn  exp  (£F2/kTL)]  =  0  (5) 

kT  kT 

where  ZL  *  t-A  Z«  *  t-2,  and  the  position  dependences 

nCifo  no»o 

of  Ef;( jt)  and  Tl(j)  have  been  omitted.  The  left  side  of 
eqn  (4)  is  the  rate  of  energy  loss  due  to  polar  optical 
scattering(61,  and  the  first  term  on  the  right  side  is  the 
power  input  from  the  applied  electric  field.  The  second 
term  on  the  right  represents  the  energy  flow  from  the 
GaAs  due  to  the  transfer  of  hot  electrons.  With  the 
assumption  of  energy  conservation  at  the  boundary,  we 
can  then  obtain  a  similar  power  balance  equation  relating 
T,  and  F  (electric  field)  in  the  GaAs  layer; 


=  rMrF!  +  ^H!Tt(0)^,  (6) 

kT 

where  Z,  =  and  u,  is  the  mobility  in  the  u.As  when 

only  polar  optical  scattering  is  operative.  This  mobility  is 
given  by; 


Hi  = 


3Vn  (2huo\n 

2E0  \  mT  ) 


jj-'Z;V2exp(-ZJ2) 


x  {(exp(Zo-  Z.)-*-  I]  K,(ZJ2) 

+  (exp(Z0-Z,)-  II  KdZJ2)}~'. 


0) 


The  second  term  on  the  right  side  of  eqn.  (6)  represents 
the  power  flowing  out  of  the  GaAs  into  the  AI,Ga,-,As 
layers.  Tt( 0)  and  dTL(0)/dx  are  evaluated  at  the  boun¬ 
dary  x  =  0.  We  have  used  the  fact  that  this  power  flow  is 
due  only  to  those  electrons  in  the  GaAs  with  energy 
higher  than  the  AI.Ga^.As  band  edge.  Equation  (4) 
combined  with  eqn  (5)  is  now  solved  numerically  with  the 
boundary  condition  TL(0)  =  T,. 

To  determine  the  Quasi-Fermi  levels,  EF,  and  EF2(x). 
we  need  two  additional  conditions.  One  is  obtained  from 
the  condition  j,  =  0.  We  simplify  this  condition  to  the 
balance  of  the  thermionic  currents  in  both  directions  at 
the  interface.  Under  collision-free  transport  conditions 
the  thermionic  current  j,-,.  from  the  GaAs  to  the 
AI,Ga,-,As.  is  given  after  Bethe[8]  by; 


ii-z 


TPF 


(AT,)2  exp 


(8) 


The  current  j2-  i  flowing  from  the  AI.Ga,.,  As  to  the  GaAs 
layer  is: 


h- 1 


=  T~rp(KTLfexp 


(9) 


where  TL  is  evaluated  at  x  =  0.  Under  steady-state  con¬ 
ditions  we  have  /i-2  =  /2-i.  The  other  additional  con¬ 
dition  arises  from  conservation  of  the  total  number  of 
electrons,  N  =  N,  +  N,  and  ,V-  are  calculated  using 
the  electron  temperature  and  Fermi  level  in  each  layer. 


3.  NUMERICAL  RESULTS 

From  eqn  (6)  we  obtain  the  variation  of  electron 
temperature,  T„  with  the  electric  field  in  the  GaAs  layer. 
The  result  is  shown  in  Fig.  3  with  the  mobility  in  the 
Al,Ga,-,As  as  a  parameter.  The  dashed  curve  is  for  bulk 
GaAs.  with  only  polar  optical  scattering  operative.  This 
corresponds  to  treating  the  GaAs  and  the  AI,Gai-,As 
layers  independently  (in  other  words,  m-0).  As  is  well 
known  [9],  at  an  electric  field  of  about  3.4kV/cm  the 
electron  temperature  goes  to  infinity  and  “polar 
runaway"  occurs.  When  the  transport  of  hot  electrons  is 
taken  into  account,  however,  the  electron  temperature 
does  not  increase  as  rapidly.  The  rate  of  increase  is 
slower  for  higher  mobility  in  the  AI,Ga,-,As.  because  of 
the  larger  power  out-flow.  This  situation  is  quite  anaio- 
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electric  FieW,  F  (kV/cm) 

Fig.  3.  Varialion  of  eieclron  temperature  in  the  GaAs  liver  with 
applied  field  for  various  mobilities  in  the  Al,Ga,-tAs  iaver. 

gous  to  the  Gun  effect(9],  where  intervalley  scattering 
supplies  an  additional  energy  loss  mechanism [l!j. 

Figure  4  shows  the  position  dependence  of  both  the 
electron  temperature,  TL(x),  and  the  Fermi  level.  £F:(.r) 
for  several  different  values  of  electric  field.  The  dashed 
line  indicates  the  GaAs  potential  well.  The  interface  is 
set  at  x  =0.  It  can  be  seen  that  both  TL(. r)  and  £F;(x) 
approach  their  thermal  equilibrium  values  within  a  dis¬ 
tance  on  the  order  of  0.1  /i.  The  small  spikes  in  the 
Quasi-Fermi  levels  which  occur  at  the  boundary  arise 
from  the  imposed  condition  of  thermionic  current 
balance  and  also  from  the  small  difference  in  effective 
masses.  These  spikes  are  of  no  physical  significance.  The 
rapid  decrease  of  the  Fermi  level  in  the  GaAs  with  higher 
fields  indicates  the  depletion  of  electrons  in  this  layer, 
and  hence  the  transfer  of  electrons  into  the  Al,Gai-,As. 
The  variation  of  the  fraction  of  electrons  in  the  GaAs 


Fig.  4.  Electron  temperature  and  Fermi  level  as  functions  of 
position.  The  GaAs  potential  well  is  shown  in  the  dashed  line. 
The  interface  between  the  GaAs  and  the  AI,Gai.,As  is  set  at 
r  *  0. 


layer  with  increased  field  is  more  clearly  illustrated  in  Fig.  5. 
The  transfer  is  larger  for  smaller  mobility  values,  a 
consequence  of  the  greater  earner  heating  for  smaller 
mobility  as  seen  in  Fig.  3.  Here  again  the  analogy  with 
the  Gunn  effect  should  be  noted  [  12]. 

The  current-voltage  characteristics  are  straightforward 
to  calculate  from  this  model.  The  results  of  the  cal¬ 
culations  are  shown  in  Fig.  6.  The  magnitude  of  the  NDR 
changes  dramatically  with  the  mobility  in  the 
AI,Ga,-,As  layer.  For  purposes  of  comparison  we  in¬ 
clude  in  Fig.  6  (insert)  the  velocity-field  characteristics 
calculated  by  Fawcett  et  al.  in  1970  for  the  Gunn 
effect  [1 3).  The  parameter  for  their  curves  was  the  inter¬ 
valley  deformation  potential. 

The  two  sets  of  curves  in  Fig.  6  show  surprisingly 
similar  features.  Actually,  our  discussion  o(  real  space 
transfer  almost  parallels  that  of  the  Gunn  effect,  but  with 
two  crucial  differences.  First,  in  our  mechanism  elec¬ 
trons  leave  the  high  mobility  GaAs  layer  by  thermionic 
emission  and  are  transferred  in  real  space  to  the  low- 
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Fig.  5.  Fraction  of  electrons  in  the  GaAs  layer  as  a  function  of 
electric  field  for  various  mobilities  in  the  Al,Ga,_xA$  layer. 
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Fig.  6.  Current-voltage  characteristics  for  a  real-space  transfer 
device  with  various  values  of  electron  mobility  in  the 
AI,Ga,_,As  layer.  The  inset  shows  the  velocity-field  charac¬ 
teristics  of  the  Gunn  effect  in  GaAs  for  various  intervallcy 
deformation  potentials! 1 3|. 
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Fig.  7.  Current-voltage  characteristics  for  various  potential  bar¬ 
rier  heights.  Note  that  the  GaAs  L  minima  are  above  the  con¬ 
duction  band  edge  of  the  AI<Gal.lAs  in  the  cases  shown. 

mobility  Al,Gai-„As  layer.  In  the  Gunn  effect,  on  the 
other  hand,  electrons  transfer  from  one  valley  of  high 
mobility  to  another  of  low  mobility  or  k 
space.  A  second,  and  most  important  distinction  is  the 
fact  that  our  device  characteristics  can  be  controlled  to  a 
greater  degree  than  with  a  device  utilizing  the  Gunn 
effect.  As  already  seen  in  Fig.  6  (insert),  the  curves  for 
the  Gunn  effect  have  as  a  parameter  the  intervalley  defor¬ 
mation  potential,  which  is  a  material  property  and  cannot 
be  changed.  On  the  other  hand,  the  parameter  in  Fig.  6 
for  the  real-space  transfer  process  is  the  mobility  of  the 
Al.Gai-.As  layer,  which  can  be  controlled  by  adjusting 
the  doping  of  the  layer.  The  characteristics  can  also  be 
changed  by  varying  other  device  parameters,  such  as  the 
layer  dimensions  and  the  potemial  barrier  height.  For 
example,  the  potential  barrier  height  can  be  controlled  by 
changing  the  A1  mole  fraction  of  the  Ai,Ga,-,As.  The 
effect  of  varying  this  parameter  on  the  current-voltage 
characteristics  is  shown  in  Fig.  7.  For  this  particular  set 
of  parameters  the  threshold  field  for  the  onset  of  NDR 
can  be  varied  between  2  and  3  kV/cm  and  the  peak— to— 
valley  ratio  between  1,3  and  2.0.  We  have  also  examined 
the  effects  of  the  operating  temperature  and  as  expected, 
the  NDR  is  more  pronounced  at  lower  temperatures. 

Finally,  we  wouid  like  to  summarize  the  simplification 
of  our  model.  As  shown  in  Fig.  2,  we  have  ignored  the 
band-bending  caused  by  the  ionized  donors.  This  effect 
can  be  quite  large  for  heavily  doped  A!,Gai-,As  layers. 
The  ionized  donors  create  an  electric  field  at  the  GaAs- 
AI,Ga,_,As  interface  which  tends  to  pull  the  hot  elec¬ 
trons  toward  the  Al,Gai-,As  layer.  Therefore,  we  bel¬ 
ieve  that  the  band-bending  due  to  ionized  donors  should 
aid  the  transfer  of  electrons  into  the  low-mobility 
AI,Ga,.IAs  layers.  Of  course,  as  greater  numbers  of 
electrons  are  transferred,  the  effect  becomes  smaller 
since  more  ionized  donors  are  neutralized.  This  band¬ 
bending  effect  is  also  reduced  for  compensated 
Al,Ga,-,As  layers.  Secondly,  we  have  not  taken  into 
account  the  effects  of  the  conduction  band  L  minima, 
which  are  known  to  be  located  approximately  330  meV 
above  the  T  minimum  of  GaAs.  We  have  deliberately 
chosen  values  of  \E  such  that  these  L  minima  are  above 
the  band  edge  of  the  Al.Gai-.As  (see  for  example.  Fig. 


7).  As  the  AI,Ga,.,As  band  edge  approaches  the  GaAs 
L  minima,  some  electrons  may  be  transferred  to  these  L 
minima  by  intervalley  scattering  before  they  undergo 
transfer  in  real  space  to  the  Al,Gai.,As  layer.  However, 
Monte  Carlo  calculations[14)  show  that  the  effects  of  the 
L  minima  are  negligible  and  that  real  space  transfer 
dominates  over  intervalley  scattering  even  for  a  barrier 
height  of  A£  =  200  me V.  For  values  of  A£*250meV 
and  more,  however,  the  effect  of  the  L  minima  can  be 
considerable.  In  fact,  by  intentionally  aligning  the 
At,Gai-,As  band  edge  to  the  energy  value  of  the  L 
minima  in  GaAs,  the  Gunn  effect  can  be  enhanced  by 
real  space  transfer,  and  larger  peak— to— valley  ratios 
should  result.  Third  and  finally,  we  have  neglected  the 
quantum  mechanical  reflection  of  electrons  at  the  GaAs- 
Al.Gai-.As  interface.  Wu  and  Yang[IJ]  have  obtained 
the  formula  for  the  three-dimensional  transmission 
coefficient  at  a  heterostructure  interface  using  quantum 
mechanical  considerations.  When  an  electron  with  an 
energy  of  230  meV  is  moving  perpendicular  to  an  inter¬ 
face  with  a  barrier  height  of  200  meV,  we  obtain  a 
transmission  coefficient  value  of  75%  using  their  formula. 
Therefore,  some  electrons  are  reflected  into  the  GaAs 
layer  when  trying  to  cross  the  interface.  Similarly,  some 
of  those  electrons  which  have  already  transferred  into 
the  Al,Gar-,As  are  also  reflected  at  the  interface. 

The  effects  of  thermionic  emission  can  also  be  used  to 
construct  a  high-speed  switch.  If  the  GaAs  and  the 
Al,Ga,_,As  layers  are  contacted  separately,  voltages 
can  be  applied  independently  to  the  two  materials  or 
between  them.  There  will  be  t  negligible  current  in  the 
AI,Ga,.,As  until  an  appreciable  fraction  of  electrons  are 
emitted  from  the  GaAs.  Figure  8  illustrates  this  switching 
effect.  The  electric  field  to  the  AI,Ga,_,As  is  kept  con¬ 
stant  at  12  kV/cm.  The  GaAs  and  the  AI„Gat-,As  cur¬ 
rents  can  be  switched  on  and  off  by  the  electric  field 
applied  to  the  GaAs  layer.  The  dotted  curve  is  obtained 
in  the  case  of  no  thermal  conduction.  Since  the  transfer 
times  in  this  mechanism  are  short  (~  I0~"  sec)[IJ,  a 
high-speed  switch  can  be  envisioned.  Extensions  of  the 
real  space  transfer  mechanism  might  include  variation  of 
the  effective  barrier  height  by  application  of  voltage 


Fig.  8.  Switching  characteristics  of  a  real-space  transfer  device. 
The  GaAs  and  the  AI,Ga,  ,As  layers  are  contacted  separated 
The  electric  field  to  the  AI.Ga.-.As  layers  is  kept  constant  at 
12  kV/cm.  Each  iaver  an  be  switched  on  and  off  by  the  applied 
field  to  the  GaAs  layer. 
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between  the  layers,  detection  of  optical  excitations  from 
the  GaAs  well  by  monitoring  the  AI,Ga,_,As  conduc¬ 
tivity,  and  other  applications. 

4.  CONCLUSIONS 

We  have  described  a  mechanism  to  obtain  negative 
differential  resistance  and  switching  in  layered  GaAs- 
AI.Gai-j.As  heterostructures  with  high  electric  fields 
applied  parallel  to  the  interfaces.  The  mechanism  is 
based  on  thermionic  emission  of  hot  electrons  from  high 
mobility  GaAs  layers  into  low  mobility  AI,Gai_,As 
layers.  An  analytical  model  has  been  presented  in  the 
limit  of  large  layer  width,  typically  400  A  or  wider.  We 
have  employed  the  method  of  moments  to  solve  the 
Boltzmann  equation  assuming  a  position-dependent 
electron  temperature.  TL{x).  and  Fermi  level.  £f:(x),  in 
the  Al.Ga,-tAs  layer  and  a  position-independent  elec¬ 
tron  temperature,  T„  and  Fermi  level,  EFU  in  the  GaAs 
layer.  The  thermal  conduction  of  hot  electrons  from  the 
GaAs  layers  into  the  AI.Gai_.As  layers  is  taken  into 
account.  As  a  consequence,  the  power  banance  equation 
contains  an  additional  term.  The  resulting  differential 
equation  for  TL(x)  has  been  solved  numerically.  The 
results  of  the  calculations  show  the  device  characteris¬ 
tics  are  similar  to  those  for  the  Gunn  effect.  The  crucial 
difference  between  the  Gunn  effect  and  the  real-space 
transfer  mechanism  is  that  our  device  characteristics  can 
be  engineered  by  adjusting  various  parameters.  The 
effects  of  changing  the  mobility  in  the  AI.Ga,.,  As  layers 
are  apparent  from  Figs.  5  and  6.  The  characteristics  can 
also  be  varied  by  changing  the  layer  dimensions  and  Al 


mole  fraction  (potential  barrier  height.  Fig.  7),  This 
degree  of  control  of  device  characteristics  makes  the 
real-space  transfer  mechanism  especially  attractive  for 
various  applications. 
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The  Monte  Carlo  method  has  been  used  to  simulate  electron  transport  in  GaAs/AlGaAs 
heterostructures  with  an  electric  field  applied  parallel  to  the  heterojunction  interface.  The 
simulations  indicate  that  a  unique  physical  mechanism  for  negative  differential  conductivity  is 
provided  by  such  layered  heterostructures,  which  is  analogous  in  many  respects  to  the  Gunn 
effect.  This  mechanism  has  been  termed  “real-space  electron  transfer”  since  it  involves  the 
transfer  of  electrons  from  a  high-mobility  GaAs  region  to  an  adjacent  low-mobility  AlGaAs 
region  as  the  applied  electric  field  intensity  is  increased.  The  simulations  further  indicate  that  the 
important  details  of  the  resulting  velocity-field  characteristics  for  these  layered  heterostructures 
can  be  controlled  primarily  through  material  doping  densities,  layer  thicknesses,  and  the  material 
properties  of  the  individual  layers.  Thus,  the  phenomenon  of  real-space  electron  transfer 
potentially  provides  the  ability  to  “engineer”  those  basic  material  properties  which  influence  the 
performance  of  negative  resistance  devices. 

PACS  numbers:  72.20.Jv,  72.80.Ey, 


I.  INTRODUCTION 

In  a  recent  paper1  a  new  mechanism  for  obtaining  nega¬ 
tive  differential  conductivity  in  layered  heterostructures  was 
described.  This  mechanism  is  based  on  the  transfer  of  hot 
electrons  from  high-mobility  GaAs  layers  sandwiched  be¬ 
tween  adjacent  low-mobility  Al.Ga,  _  ,  As  layers.  The  re¬ 
sulting  negative  differential  conductivity  is  analogous  to  the 
Gunn  effect,  except  that  the  elctrons  are  transferred  in  real 
space  rather  than  in  momentum  space. 

To  properly  describe  real-space  electron  transfer,  it  is 
necessary  to  account  for  the  scattering  mechanisms  encoun¬ 
tered  by  electrons  being  transported  at  high  kinetic  energies 
in  the  potential  well  in  the  GaAs,  which  exists  due  to  the 
conduction  band  discontinuity  between  GaAs  and  AlGaAs. 
A  mechanical  analogy  to  real-space  transfer  is  provided  by 
the  example  of  a  ball  rolling  down  a  chute.  The  ball  will  stay 
in  the  chute  if  its  kinetic  energy  remains  small.  However,  if 
the  ball  gains  adequate  kinetic  energy,  then  an  obstacle  can 
scatter  the  ball  out  of  the  chute.  A  similar  effect  occurs  in  a 
layered  heterostructure  where  electrons  drift  in  the  potential 
well  under  the  influence  of  a  high  electric  field.  If  the  mobil¬ 
ities  inside  and  outside  the  well  can  be  controlled,  then  the 
transfer  of  electrons  from  the  well  can  be  used  to  control  the 
current-voltage  characterisitcs  of  the  heterostructure  de¬ 
vice.  If  the  mobility  outside  the  well  is  much  lower  than  that 
inside,  the  effect  results  in  a  negative  differential 
conductivity. 

In  the  previous  paper, 1  the  real-space  transfer  effect  was 
examined  on  the  basis  of  “thermionic  emission  currents”; 
that  is,  the  densities  of  electrons  inside  and  outside  the  well 
were  calculated  by  balancing  the  Richardson  currents.2  In 
these  calculations  the  layers  were  treated  independently,  and 
energy  exchange  between  the  layers  was  not  considered.  The 


energy  distribution  of  the  electrons  in  both  layers  was  ass- 
sumed  to  be  Maxwellian,  with  the  GaAs  at  an  elevated  tem¬ 
perature  Tc  and  with  the  temperature  in  the  Al,Ga,  _  *  As 
assumed  to  be  equal  to  the  lattice  temperature  TL .  This  mod¬ 
el  has  four  essential  deficiencies^)  It  is  well  known  that  at 
high  electric  fields  the  energy  distribution  functions  in  polar 
semiconductors  are  highly  non-Maxwellian.  (ii)  There  is  an 
energy  exchange  between  the  layers  because  energetic  carri¬ 
ers  are  flowing  out  of  the  GaAs  and  cold  carriers  are  return¬ 
ing.  (iii)  The  model  does  not  account  for  electron  tempera¬ 
ture  gradients  or  electron-electron  interactions,  (iv)  The 
complicated  band  structure  of  the  multilayer  heterojunc¬ 
tions  (e.g.,  the  role  of  theL  minima  in  the  two  materials)  was 
not  considered. 

It  is  possible  to  include  (ii)  and  (iii)  in  a  simple  theory 
using  the  method  of  moments.3  This  type  of  calculation  is 
described  elsewhere.4  The  only  calculation  capable  of  simul¬ 
taneously  including  (i),  (ii),  and  (iv),  however,  is  a  Monte 
Carlo  calculation.  The  purpose  of  this  paper  is  to  describe 
the  results  of  a  Monte  Carlo  study  of  real-space  transfer  in 
GaAs/ AlGaAs  layered  heterostructures.  The  Monte  Carlo 
calculations  predict  a  negative  differentia]  conductivity  for 
properly  chosen  heterostructures.  The  advantage  of  this  neg¬ 
ative  resistance  mechanism  over  the  normal  Gunn  effect  is 
that  all  the  essential  materials  parameters  can  be  "engi¬ 
neered”.  For  example,  the  peak-to-valley  ratio  can  be  con¬ 
trolled  by  the  layer  width  and  mobility  ratio  (including  mod¬ 
ulation  doping3),  the  onset  of  the  negative  differential 
resistance  can  be  controlled  by  the  A1  mole  fraction  (barrier 
height),  and  finally  the  speed  of  the  device  can  be  controlled 
by  the  layer  thicknesses.  We  also  show  that  the  real-space 
transfer  effect  should  occur  well  before  the  Gunn  effect  (k- 
space  transfer)  for  junction  barrier  heights  of  approximately 
200  meV  in  GaAs/Al,Ga,  _ ,  As  heterostructures. 
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FIG.  1.  Material  configuration  used  to  simulate  real-space  transfer. 

II.  THE  TRANSPORT  MODEL 

The  model  used  in  the  calculations  is  classical  in  the 
sense  that  the  transport  equations  are  based  on  the  quasiclas- 
sical  approximation  normally  employed  in  the  Monte  Carlo 
method.7  The  essential  features  of  the  simulation  procedures 
have  been  presented  previously."10  These  procedures  were 
modified  for  the  present  work  in  order  to  allow  the  Monte 
Carlo  method  to  be  applied  to  the  material/device  configu¬ 
ration  shown  schematically  in  Fig.  1 .  The  model  assumes  an 
abrupt  potential  barrier  of  height  AE  in  the  GaAs.  and  band 
bending  effects  are  neglected.  The  electric  field  created  by 
the  ionized  donors  in  the  space-charge  region  of  the  hetero- 
junction  is  also  neglected.  This  field  tends  to  attract  energet¬ 
ic  electrons  from  the  GaAs  into  the  Al,  Ga,  _ ,  As.  Hence  it 
would  enhance  the  transfer  out  of  the  well  and  impede  trans¬ 
fer  back  into  the  well.  This  would  enhance  the  negative  resis¬ 
tance  effect  reported  here.  The  importance  of  the  exact  na¬ 
ture  of  the  potential  barrier  will  be  difficult  to  ascertain.  An 
exact  treatment  should  of  course  include  a  self-consistent 
calculation  of  the  potential  barrier.  In  practice,  however,  the 
ideal  potential  barrier  can  be  closely  approximated  by  suit¬ 
able  doping  profiles  and  compensation  in  the  AlGaAs. 

The  well  layer  thickness  d ,  is  assumed  to  be  large 
enough  for  size  quantization  effects1 1  to  be  neglected.  For 
layer  thicknesses  greater  than  400  A  size  quantization  effects 
are  not  important  at  room  temperature.' ■4  "  Therefore, 
these  effects  are  even  less  important  for  the  hot-electron 
problem  investigated  in  this  work. 

Bulk  material  parameters  are  used  in  the  simulation  of 
the  transport  in  the  two  regions  of  the  heterostructure.  The 
parameters  for  the  GaAs  have  been  reported  previously.2 
Their  use  has  resulted  in  values  for  both  low-field  mobility 
and  hot-electron  velocity-field  characteristics  which  are  in 
good  agreement  with  experiment.  The  material  parameters 
for  the  Al,Ga,  _,  As  are  determined  from  either  measured 
experimental  values  or  by  the  use  of  an  interpolation  proce¬ 
dure.9 10  These  parameters  depend  on  the  alloy  composition 
x.  The  value  of  x  is  obtained  from  the  desired  barrier  height 
AE.  the  known  energy-band  structure  of  AlGaAs,  and  the 
accepted  conduction-band  alignment  scheme  of  the 
GaAs/AlGaAs  system.  ’ ' 

The  electrons  drift  in  a  uniform  electric  field  applied  in 
the  y  direction  parallel  to  the  heterojunction  interface.  The 
one-electron  simulation  begins  by  releasing  an  electron  from 
the  center  of  the  GaAs  well  with  thermal  (T  ■»  300  K)  ener¬ 
gy  and  in  a  randomly  selected  direction.  The  electron  then 
undergoes  scattering  interactions  in  the  normal  Monte  Carlo 


framework.7'10  The  scattering  mechanisms  considered  in 
these  calculations  include  acoustic-phonon  scattering,  opti¬ 
cal-phonon  scattering,  piezoelectric  scattering,  equivalent 
and  nonequivalent  intervalley  scattering,  ionized  impurity 
scattering,  and  random  potential  alloy  scattering  in  the 
Al,  Ga,  _ ,  As.  In  the  calculations  reported  here  only  the 
r(000)  and  L(lll)  conduction  bands  are  considered  for 
GaAs,  and  only  the  r  (000)  conduction  band  is  considered  in 
Al,  Ga,  _  ,  As.  This  represents  adequate  band  structure  de¬ 
tails  to  illustrate  the  essential  features  of  real-space  transfer 
in  GaAs/ AlGaAs  heterostructures. 

The  basic  heterostructure  cell  as  shown  in  Fig.  1  is  cy¬ 
clically  repeated  in  the  Monte  Carlo  simulation.  This  is  ac¬ 
complished  in  the  following  manner.  An  electron  which  has 
the  correct  energetics  to  transfer  from  GaAs  to  AlGaAs 
across  the  boundary  at  x  =  0  in  Fig.  1  is  made  to  enter  the 
AlGaAs  at  x  =  d,  +d2  with  the  same  energetics.  Likewise, 
an  electron  that  transfers  from  the  AlGaAs  to  GaAs  at 
x  —  dx  4-  d2  is  made  to  enter  the  GaAs  at  x  =  0  with  the 
same  energetics.  Theaverage  drift  velocities  in  the  individual 
materials  and  the  average  velocity  in  the  heterostructure  are 
calculated  using  standard  velocity  estimators.7'10  Since  the 
drift  velocity  in  the  AlGaAs  is  often  very  low  ( ~  lCF-lO6 
cm/sec),  the  total  number  of  interactions  used  in  the  simula¬ 
tion  must  often  be  very  large  (cs250  000)  in  order  to  obtain 
accurate  velocity  estimates. 

The  transmission  of  the  electrons  across  the  boundary 
has  been  modeled  in  two  ways.  First,  a  classical  transmission 
model  based  on  conservation  of  energy  and  momentum  was 
used.  This  requires  a  particle  with  inadequate  energy  to  be 
ideally  reflected  with  no  energy  loss,  with  reversal  of  its  mo¬ 
mentum  perpendicular  to  the  barrier  and  no  change  in  mo¬ 
mentum  parallel  to  the  barrier.  Second,  the  quantum-me¬ 
chanical  transmission  coefficient  described  by  Wu  and 
Yang13  was  used  in  the  simulation.  Within  the  statistical 
error  of  the  simulation  no  substantial  differences  in  the  re¬ 
sults  have  been  observed  between  these  two  transmission 
models. 


FIG.  2.  Velocity-Add  characteristic  for  real -space  transfer  device  com¬ 
pared  to  GaAs  and  AlGaAs.  Here  if,  —  400  A,  d,  •  4000  A,  AE  —  0.2  eV, 
and  fi  m  SOOOcmVV  sec  and  500  ctnVV  sec  in  GaAs  and  AlGaAs, 
respectively. 
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FIG.  3.  Relative  occupancy  of  electrons  in  GaAs  and  AIGaAs  vs  field  for 
the  same  parameters  listed  in  Fig.  2. 


FIG.  5.  Velocity-field  characteristic  for  real-space  transfer  device.  All  pa¬ 
rameters  are  the  same  as  in  Fig.  2,  except  n  =  4000  cnr/V  sec  in  AIGaAs. 


Carrier  compensation  is  utilized  in  order  to  vary  the 
mobility  of  electrons  in  the  AIGaAs.  The  free-electron  densi¬ 
ty  in  the  scattering  rate  for  ionized  impurity  scattering  is 
taken  to  be  10'7  cm  ’,  whiie  the  net  ionized  impurity  density 
is  allowed  to  vary  from  10'7  cm  3  to  102°  cm  3.  This  varies  the 
electron  mobility  in  the  AIGaAs  from  about  4000  to  50 
cnr/V  sec.  The  low-field  mobility  in  the  GaAs  is  held  con¬ 
stant  at  about  8000  cm:/V  sec  by  taking  the  ionized  impuri¬ 
ty  density  in  the  GaAs  to  be  zero. 12 

III.  SIMULATION  RESULTS 

The  model  and  procedures  described  in  Sec.II  were 
used  to  simulate  the  electron  transport  in  GaAs/ AIGaAs 
heterostructures  with  various  device  thicknesses,  barrier 
heights,  and  other  AIGaAs  material  parameters.  Figure  2 
shows  the  steady-state  drift  velocity  of  such  a  structure  for 
the  case  where  the  low-field  mobility  of  GaAs  is  8000 
cm:/V  sec  and  that  in  AIGaAs  is  about  500  cnr/V  sec. 
Here,  the  ionized  impurity  density  in  AIGaAs  is  1019  cm-3 
and  the  barrier  height  is  0.2  eV.  In  this  figure  the  drift  veloc¬ 
ity  in  the  device  structure  is  compared  to  that  for  GaAs  and 
AIGaAs.  The  transport  in  AIGaAs  remains  essentially  oh¬ 
mic  for  the  range  of  electric  fields  shown  in  Fig.  2,  although 
at  fields  of  near  15  kV/cm  the  transport  in  the  AIGaAs 


FIG.  4.  Velocity-field  characteristic  for  real-space  transfer  device.  All  pa¬ 
rameters  are  the  same  as  m  Fig.  2,  except  M  m  50  enr /V  sec  in  AIGaAs. 


would  become  nonlinear  and  would  eventually  exhibit  veloc¬ 
ity  saturation.  The  peak  velocity  for  the  real-space  transfer 
structure  is  1.6X  107  cm/sec  and  the  threshold  field  is  about 
2.4  kV/cm.  The  onset  of  electron  transfer  to  the  AIGaAs 
occurs  at  a  field  of  about  2  kV/cm,  as  can  be  seen  in  Fig.  3. 
This  figure,  which  shows  the  relative  numbers  of  electrons  in 
the  two  adjacent  materials,  illustrates  that  for  the  material 
thicknesses  and  barrier  height  used  a  substantial  number  of 
electrons  remain  in  the  GaAs,  even  for  fields  well  above 
threshold.  The  ratio  of  electrons  in  the  two  materials  largely 
determines  the  peak-to- valley  ratio  of  the  real-space  transfer 
device. 1  This  is  illustrated  in  Fig.  4  which  shows  the  velocity- 
field  characteristics  for  the  same  material  parameters  as  in 
Fig.  2  except  that  the  AIGaAs  mobility  is  reduced  to  about 
50  cmW  sec.  Here  the  peak  velocity  is  essentially  the  same 
as  before,  although  the  peak-to-valley  velocity  ratio  has  been 
increased  by  a  factor  of  2  (valley  taken  at  8  kV/cm).  In  this 
case,  at  8  kV/cm  fewer  than  10%  of  the  electrons  remain  in 
the  GaAs.  The  peak  velocity  of  1.6  x  107  cm/sec,  threshold 
field  of  2.8  kV/cm,  peak-to-valley  ratio  of  4,  and  a  negative 
mobility  magnitude  above  threshold  of  greater  than  10* 
cm2/V  sec  in  this  case  are  very  attractive  parameters  for 
Gunn-type  device  considerations.  Figures  2  and  4  support 
the  general  features  of  real-space  electron  transfer  described 


Fig.  6.  Avenge  energy  in  AIGaAs  vs  electric  field  for  real-space  transfer 
device.  All  parameters  are  the  seme  is  for  Fig.  2.  except  »  0.3  eV.  The 
r -L  energy  separation  in  GaAs  is  shown  for  comparison. 
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FIG.  7.  Velocity-field  characteristic  for  real-space  transfer  device  with  bar¬ 
rier  height  as  a  parameter.  All  other  parameters  are  the  same  as  in  Fig.  2. 

by  Hess  et  al.  based  on  thermionic  currents  and  the  method 
of  moments.1 4 

Figure  5  shows  a  velocity-field  characteristic  when  the 
AlGaAs  mobility  is  4000  cm2/V  sec.  Here,  a  substantial 
number  of  electrons  remain  in  the  GaAs  for  fields  well  above 
8  kV/cm.  and  the  two  materials  are  equally  important  in 
determining  the  drift  velocity  in  the  heterostructure  for 
fields  above  the  threshold  field  of  GaAs.  This  figure  serves  to 
illustrate  that  a  layered  heterostructure  device  might  be  used 
to  achieve  an  adjustable  velocity-saturation  mechanism  with 
very  small  or  negligible  negative  resistance  where  the  satura¬ 
tion  velocity  is  well  above  the  value  normally  obtained  in 
silicon  or  indirect  band  gap  AlGaAs  ternary  systems.  It  is 
worth  noting  that  in  Fig.  5  there  is  a  slight  negative  differen¬ 
tial  conductivity  in  the  AlGaAs  even  though  only  the  central 
r  valley  was  used  in  the  simulation.  This  is  due  to  the  non- 
parabolic  nature  of  the  central  conduction  band;  the  details 
of  this  effect  have  been  discussed  previously. 14 

Since  the  threshold  field  in  the  heterostructure  device  is 
near  that  for  GaAs,  an  attempt  was  made  to  assess  the  im¬ 
portance  of  intervalley  scattering  in  the  GaAs  and  AlGaAs 
on  the  velocity-field  characteristic  of  the  structure.  The  sat¬ 
ellite!.  (Ill)  valley  in  GaAs  was  removed  from  the  simulation 
model,  and  the  velocity-field  characteristics  were  calculated 
for  barrier  heights  up  to  0.3  eV,  which  is  near  the  r-L  inter¬ 
valley  separation  for  GaAs  proposed  by  Aspnes.12 15  Within 
the  statistical  accuracy  of  the  velocity  estimator  n<-  differ¬ 
ences  could  be  observed  in  the  results  compared  to  those 
given  in  Fig.  2.  In  addition.  Fig.  6  shows  the  average  energy 
of  the  electrons  in  the  AlGaAs  as  a  function  of  electric  field 
for  a  barrier  height  of  0.3  eV  compared  to  the  r -L  energy 
separation  in  the  AlGaAs.  For  this  case  between  2  and  4 
kV/cm  the  average  energy  is  well  below  the  intervalley  ener¬ 
gy  separation,  although  the  electrons  are  becoming  hot.  At 
higher  electric  fields  ( ~  8  kV/cm)  intervally  scattering  in  the 
AlGaAs  will  be  important  and  will  probably  affect  the  peak- 
to-valley  ratio,  although  it  appears  to  influence  neither  the 
threshold  field  nor  the  peak  velocity.  Further  studies  are 
underway  to  examine  the  importance  of  scattering  in  the  L 
and  X  valleys  of  AlGaAs. 

Further  aspects  of  the  phenomenon  of  real-space  trans¬ 


FIG.  8.  Velocity-field  characteristic  for  real-space  transfer  device  with 
AlGaAs  thickness  as  a  parameter.  All  other  parameters  are  the  same  as  in 
Fig.  2. 

fer  are  shown  in  Fig.  7.  This  figure  illustrates  the  influence 
on  the  heterostructure  velocity-field  characteristics  of  vary¬ 
ing  the  barrier  height  while  maintaining  fixed  material  thick¬ 
nesses.  Obviously,  as  the  barrier  height  increases,  the  veloc¬ 
ity-field  characteristic  approaches  that  for  lightly  doped 
GaAs.  This  is  the  expected  behavior,  although  one  might 
expect  some  additional  influence  if  the  layers  are  thin 
enough  for  size  quantization  effects  to  be  important.  In  addi¬ 
tion,  the  form  of  scattering  at  the  GaAs/AlGaAs  interface 
could  effect  the  electron  transport  in  the  GaAs  well  material. 
In  this  paper  specular  interface  scattering  has  been  used. 
Thus,  the  energy  and  momentum  relaxation  mechanisms  in 
the  well  material  are  the  same  as  those  an  electron  would 
encounter  in  bulk  GaAs.  Future  studies  of  real-space  trans¬ 
fer  will  include  size  quantization  effects  and  other  physical 
forms  of  interface  scattering. 

As  the  barrier  height  decreases  in  the  real-space  trans¬ 
fer  simulation  model,  the  velocity-field  characteristic  is  in¬ 
creasingly  influenced  by  the  heavily  compensated 
Al,  _  x  Ga,  As.  Physically,  for  the  material  systems  used 
here,  as  the  barrier  height  decreases  x  approaches  unity. 
Thus,  the  device  would  consist  of  alternating  layers  of  thin, 
lightly  doped  GaAs  and  thicker,  heavily  compensated 


FIG.  9.  Relative  occupancy  of  electrons  in  AlGaAs  thickness  as  a  param¬ 
eter,  as  a  function  of  electric  field.  All  other  parameters  are  the  same  as  in 
Fig.  2. 
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GaAs.  For  all  practical  purposes,  the  resultant  velocity-field 
characteristic  would  be  dominated  by  the  heavily  compen¬ 
sated  GaAs.  In  Fig.  7,  the  free-electron  density  is  1017  cm'3 
and  the  ionized  impurity  density  is  10w  cm'5.  The  results  in 
this  figure  for  a  barrier  height  of  0.1  eV  are  consistent  with 
these  conclusions  based  on  our  own  calculations  on  bulk, 
heavily  compensated  GaAs,  and  with  other  calculations  on 
more  heavily  doped  GaAs.'6 

It  appears  that  for  a  given  materials  system  there  will  be 
an  optimum  barrier  height  for  most  effectively  utilizing  real- 
space  transfer  in  a  given  device  application.  For  the 
GaAs/AlGaAs  system  studied  in  this  paper,  a  barrier  height 
in  the  vicinity  of  0.2  eV  results  in  an  attractive  set  of  material 
parameters  for  consideration  for  negative  resistance  devices. 

Figure  8  shows  the  influence  of  respective  layer  thick¬ 
ness  on  the  velocity-field  characteristics  of  the  layered  het¬ 
erostructure.  Figure  9  shows  the  occupancy  in  the  AlGaAs 
as  a  function  of  the  electric  field  intensity.  Again,  the  influ¬ 
ence  of  size  quantization  has  not  been  included  and  could 
influence  the  results  for  GaAs  layer  thicknesses  of  100  A. 
The  purpose  of  these  last  two  figures  is  to  show  in  a  qualita¬ 
tive  manner  the  way  in  which  simple  geometric  changes  can 
be  used  to  control  the  transport  properties  of  a  layered 
heterostructure. 

IV.  SUMMARY  AND  CONCLUSIONS 

The  Monte  Carlo  simulations  presented  here  have  vali¬ 
dated  the  general  features  of  the  phenomenon  of  real-space 
electron  transfer  discussed  and  examined  by  Hess  and  co¬ 
workers  at  the  University  of  Illinois. 1  4  The  simulation  mod¬ 
el  presented  here  has  included  the  important  scattering  pro¬ 
cesses  and  energy  exchange  mechanisms  between  the  two 
adjacent  materials  in  layered  heterostructures.  It  predicts 
that  real-space  transfer  provides  a  mechanism  for  negative 
differential  conductivity  that  is  analogous  to  the  Gunn  ef¬ 
fect.  but  which  is  different  from  it  to  the  extent  that  the 
nature  of  the  mechanism  can  be  “engineered”  by  the  materi¬ 
als  and  device  designer.  This  includes  the  control  of  the  im¬ 
portant  parameters  such  as  velocity-field  characteristic  and 
speed  of  response.  The  work  discussed  here  is  now  being 


extended  to  the  investigation  of  other  practical  materials  sys¬ 
tems  and  to  the  inclusion  of  other  important  physical  mecha¬ 
nisms  such  as  size  quantization,  interface  effects,  heavy  dop¬ 
ing  effects,  and  electron-electron  interactions. 
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Measurements  of  the  current-voltage  characteristics  of  GaAs-Al.Ga,  _,As  heterojunction 
layers  are  reported.  The  experimental  results  are  consistent  with  the  idea  of  real-space  transfer  of 
the  electrons  out  of  the  GaAs  into  the  Al.Ga,  _ ,  As  under  hot-electron  conditions.  Current 
saturation  and  negative  differential  resistance  are  observed  as  predicted  by  Monte  Carlo 
simulations. 

PACS  numbers:  72.20.Ht,  73.40.Lq 


Electronic  transport  in  semiconductor  heterojunction 
layers  has  attracted  considerable  interest  since  Dingle  and 
co-workers  verified  mobility  enhancement  in  modulation- 
doped  structures. 1  Such  enhancement  occurs  when  electrons 
leave  their  parent  donors  (e.g.,  in  the  Al.Ga,  _ ,  As)  and 
transfer  to  a  neighboring  undoped  layer  which  has  a  smaller 
band  gap  (e.g.,  GaAs).  Thus  the  electrons  will  not  be  scat¬ 
tered  strongly  by  the  remote  impurities  (donors)  and  the  mo¬ 
bility  in  the  GaAs  will  be  enhanced.  Although  there  are 
some  subtleties,  including  an  enhanced  phonon  scattering 
rate,3  this  improved  mobility  is  reflected  by  the  experiments. 

Theoretical  investigations  of  high-field  transport  in 
these  layers  led  Hess  et  al.  to  conclude  that  when  a  high 
electric  field  is  applied  parallel  to  the  layer  interfaces  the 
inverse  process  takes  place,  namely  a  transfer  of  electrons 
from  the  GaAs  layers  back  into  the  Al.Ga,  _  ,  As  layers.3 
This  process  can  be  viewed  as  the  thermionic  emission  of  hot 
electrons,  and  has  simple  mechanical  analogies.4  A  Monte 
Carlo  simulation  of  the  real-space  trajectory  of  an  electron 
for  a  double  heterojunction  of  Al.Ga,  _  .  As  (x  =  0. 17)  is 
shown  in  the  inset  of  Fig.  1.  After  some  reflections  an  elec¬ 
tron  in  the  GaAs  layer  gains  enough  kinetic  energy  from  the 
applied  electric  field  to  move  out  of  the  potential  well  caused 
by  the  band-gap  difference  between  the  two  materials.  More 
exact  treatments  of  this  effect  including  quantum-mechani¬ 
cal  transmission  coefficients  do  not  reveal  new  features  for 
this  picture.4  The  movement  of  the  hot  electrons  back  into 
the  low-mobility  Al.Ga,  _ .  As  material  will  of  course  lead 
to  a  nonlinear  behavior  in  the  current  density.  Figure  1 
shows  the  current-voltage  characteristic  of  the  double¬ 
heterojunction  structure  shown  in  the  inset.  These  results 
were  obtained  from  Monte  Carlo  calculations.4  The  magni¬ 
tude  of  the  negative  differential  resistance  in  such  a  curve 
depends  on  the  doping  densities  which  control  the  free-carri- 
er  concentrations  and  mobilities  in  the  Al.Ga,  _ ,  As  and 
GaAs  layers.  A  very  high  doping  density  in  the 
Al,  Ga,  _ ,  As  causes  a  high  concentration  of  scattering  cen¬ 
ters.  which  results  in  a  very  low  mobility  and  high  resistance 
in  the  Al,  Ga,  _ .  As  and  therefore  can  yield  large  peak-to- 
vailey  ratios,  larger  than  those  observed  in  the  Gunn  effect, 
which  is  based  on  the  k -space  analog  of  the  mechanism  de¬ 


scribed  here. 

In  this  letter  we  report  measurements  of  the  high-field 
characteristics  of  Al.Ga,  _  .As  structures  grown  by  molec¬ 
ular  beam  epitaxy  (MBE).  The  doping  density  in  the 
Al,  Ga,  _ ,  As  layers  was  Na  ~  1017  cm-3  and  the  GaAs  was 
not  intentionally  doped.  The  mobility  in  the  GaAs  layers 
was  enhanced  over  the  bulk  value  for  equivalent  doping  and 
was  typically  2x  104  cm3/V  s  at  77  K.  The  mobility  in  the 
Al.Ga,  _ ,  As  layers  was  around  1000cm2/V  s  between  300 
and  77  K.  The  doped  Al.Ga,  _  ,  As  layer  was  1000  A  thick 
in  all  cases,  whereas  the  GaAs  layers  varied  in  thickness 
from  400  A  to  —  i.O^m.  In  some  of  the  samples  the  GaAs 
layer  was  sandwiched  between  the  doped  and  a  second  I  un¬ 
doped)  Al,  Ga,  J  ,  As  layer.  Because  of  the  pulling  force  of 
the  donors  we  think  that  the  actual  width  of  the  GaAs  layer 
is  relatively  unimportant,  since  the  electrons  in  the  GaAs 
will  always  be  within  1000  A  of  the  doped  Al.Ga,  _ ,  As 
layer.  Alti>-  ugn  x  was  0. 17  for  most  of  the  data  reported 
here,  we  have  made  similar  measurements  with  x  increased 
to  0.25.  Au-Ge  contacts  were  evaporated  on  top  of  the  layer 
(top  layer  Al,  Ga,  _  ,  As)  and  alloyed  by  heating  at  a  rate  of 
400  ’C/min  in  flowing  H-  to  a  final  temperature  of  450  °C. 
Contacts  formed  in  this  way  proved  to  be  ohmic  in  most 
cases.  The  distance  between  the  contacts  was  0.065  cm  and 
the  width  of  the  samples  was  about  0. 1  cm.  Measurements 
were  performed  using  short  current  pulses.  The  measure¬ 
ments  were  taken  at  times  between  1  and  600  ns.  The  sam¬ 
ples  were  mounted  in  GR  insertion  units  and  the  usual  50-/2 
sampling  oscilloscope  x-y  recorder  technique  was  used.’  Be¬ 
low  we  report  five  groups  of  results: 

(i)  Unusually  strong  acoustoelectric  sound  amplifica¬ 
tion  and  accompanying  negative  differential  resistance  (inset 
Fig.  2)  was  observed  in  some  samples  at  77  K  at  very  low 
electric  fields  of  about  300  V/cm  having  incubation  times  as 
low  as  —  3  ns.  This  effect  did  not  occur  at  room  temperature 
(the  samples  were  too  short)  and  was  not  observed  in  any  of 
the  samples  for  which  results  are  reported  below.  A  detailed 
report  will  be  given  in  a  subsequent  publication. 

(iil  In  samples  not  showing  the  acoustoelectnc  effect 
(about  40  samples  from  5  wafers)  onset  of  current  saturation 
or  slight  negative  differential  resistance  was  observed  at  an 
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FIG.  1 .  Current-field  characteristics  for  the  double-heterojunction  struc¬ 
ture  shown  in  the  inset  with  Al,  Ga,  _ ,  As  densities  of  101’  cm  "  ’  \)i  =  4000 
cnr/V  s|  and  !0JO  cm' 1  (/i  =  50  cm:/V  s(.  The  thickness  of  the  AlGaAs 
layer  is  4000  A  and  the  GaAs  is  400  A  thick  and  has  u  =  8000  cm:/V  sin 
both  cases.  The  inset  shows  a  Monte  Carlo  simulation  of  the  path  of  an 
electron  when  a  high  eicctnc  field  is  applied  parallel  to  the  layer  interfaces. 

electric  field  of  2000—3200  V/cm  at  room  temperature  and 
also  at  77  K..  Representative  examples  are  given  in  Figs.  2 
and  3.  The  consistency  of  the  occurrence  of  negative  differ¬ 
ential  resistance  at  these  fields  makes  us  believe  that  contact 
effects  do  not  strongly  influence  our  experimental  results. 

(iii)  Figure  2  also  shows  the  onset  of  a  second  ( third  if  the 
acoustoelectric  effect  is  counted)  negative  differential  resis¬ 
tance,  marked  by  the  second  arrow.  We  believe  that  this  may 
be  due  to  trapping  in  surface  states  when  electrons  finally 
spill  to  the  unprotected  surface.  The  effect  is  apparently  slow 
and  shows  hysteresis. 

liv)  We  performed  photoconductivity  measurements 
using  the  6328-A  line  of  a  He-Ne  laser.  The  result  exhibited 
by  six  samples  is  shown  in  Fig.  3.  The  low-field  conductance 
is  slightly  increased  by  the  light  but  the  high-field  conduc¬ 
tance  is  strongly  decreased,  thus  enhancing  the  negative  dif¬ 
ferential  resistance.  A  natural  explanation  is  that  the  light 


FIG.  2.  Current-field  characteristic  showing  a  second  negative  differential 
resistance  Imarked  by  second  arrowi  believed  to  he  due  to  trapping  in  sur¬ 
face  states.  The  first  arrow  marks  the  negative  differential  resistance 
thought  to  be  caused  by  real-space  transfer.  In  the  Al.  Ga,  ,  As.  ,V„ 

•=  2  v  10"  cm  '  V  The  thickness  of  the  undoped  GaAs  layer  is  2.0  am.  The 
inset  shows  a  current-held  curve  exhibiting  an  acoustoelectnc  effect  where 
the  AI.Ga,  . ,  As  {0.1 3 /im  thick)  has  ,V0  =■  3x  10'*  cm  '  *  and  the  GaAs 
1 1.6  pm  thick)  is  not  intentionally  doped. 


FIG.  3.  Current-field  characteristics  demonstrating  an  enhanced  negative 
differential  resistance  at  300 1C  when  the  sample  is  illuminated  with  a  He-Ne 
laser.  Note  the  second  negative  differential  resistance  at  arrow  2.  The 
AI.Ga,  .  .Aslayeris  1000  A  thick  and  has. V0  =  6x  10'’cm~  '  TheGaAs 
layer  is  I  /am  thick  and  is  not  intentionally  doped. 

empties  traps  in  the  AI.Ga,  _  .As  and  increases  the  low- 
field  conductivity.  The  traps  are  filled  again  when  the  hot 
electrons  transfer  back  to  the  Al,  Ga,  _ ,  As,  thus  increasing 
the  peak-to-valley  ratio  of  the  curve  and  decreasing  the  high- 
field  conductivity.  Note  also  the  close  agreement  of  the  dark 
curve  in  Fig.  3  with  the  Monte  Carlo  simulations  (A'D  ~  1 0 1 7 
cm-1)  of  Fig.  1. 

(v)  Our  knowledge  of  carrier  concentration  and  mobil¬ 
ity  was  obtained  from  Hall  effect  data,  which  reflect  average 
concentrations  and  mobilities.  Additional  information  can 
be  obtained  from  the  hot-electron  results  by  assuming  a  val¬ 
ue  of  ~  107  cm/s  for  the  peak  velocity.  Nevertheless,  the 
exact  concentration  and  its  spatial  variation  is  hard  to  deter¬ 
mine.  Therefore,  in  some  cases  our  samples  showed  mainly 
conduction  in  the  AI.Ga,  _,  As,  which  was  in  these  cases 
too  highly  doped  to  be  depleted.  (The  built-in  fields  prevent 
complete  transfer  of  all  the  electrons  to  the  GaAs.)  Some  of 
these  samples  showed  a  fourth  kind  of  negative  differential 
resistance  at  about  104  V/cm  due  to  the  Gunn  effect  in  the 
AI.Ga,  _  .As  and  also  exhibited  oscillations.  By  etching 
away  part  of  the  AI.Ga,  _  ,  As  layers,  depletion  of  the 
Al,  Ga,  _  ,  As  could  be  achieved,  and  negative  differential 
resistance  was  again  observed  around  3000  V/cm.  This  ex¬ 
periment  also  gave  another  estimate  of  the  doping  from  the 
known  depletion  width,  which  was  obtained  from  the  etch- 


FIG.  4.  Current-field  characteristics  showing  the  occurrence  of  negative 
differential  resistances  at  300  and  77  K  when  the  Al,  Ga, . ,  As  layer  thick¬ 
ness  is  reduced.  The  AI.Ga,  As  layer  was  doped  at  ,VS  «  6X  10*’ cm"  1 
and  the  undoped  GaAs  layer  was  I  gm  thick. 
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ing  rate.  A  representative  example  is  shown  in  Fig.  4.  The 
relative  change  in  peak  velocity  between  77  and  300  K.  agrees 
roughly  with  Monte  Carlo  simulations.6 

From  the  above  experiments  we  conclude  that  the  nega¬ 
tive  differential  resistance  around  the  electric  field  of  3000 
V/cm  is  consistent  with  the  idea  of  real-space  electron  trans¬ 
fer.  The  effect  is  different  from  the  effect  of  At-space  transfer 
[the  Ridley-Watkins-Hilsum  (RWH)  mechanism).  The  dis¬ 
tinction  from  the  RWH  effect  in  Al,Ga,  _  ,  As  is  demon¬ 
strated  by  the  etching  experiment  of  Fig.  4.  Negative  differ¬ 
ential  resistance  due  to  k- space  transfer  in  GaAs  is  also 
different  from  the  effect  described  here.  The  threshold  volt¬ 
age  is  somewhat  higher  for  the  RWH  mechanism,  but  this 
could  also  be  caused  by  the  higher  mobility  and  contact  ef¬ 
fects  in  our  samples.  However,  the  Monte  Carlo  simulations4 
show  that  for  .*<0.1-7  (where  the  band-gap  difference  is 
smaller  than  the  energy  separation  to  the  satellite  minima) 
the  electrons  move  out  of  the  GaAs  long  before  they  can 
populate  higher  valleys.  Furthermore,  the  photoconductive 
enhancement  of  the  negative  differential  resistance  (Fig.  3) 
does  not  occur  for  the  RWH  effect  and  can  not  be  simply 
explained  without  the  transfer  of  electrons  out  of  the  GaAs. 
We  have  never  observed  Gunn  oscillations  connected  with 
the  negative  differential  resistance  at  3000  V/cm.  The  reason 
for  this  is  not  entirely  understood.  However,  we  can  point 
out  the  following  distinct  differences  between  real-space 
transfer  and  the  RWH  mechanism.  There  is  no  local  micro¬ 
scopic  negative  differential  resistance  in  the  Al,  Ga,  _  ,  As  at 
the  electric  fields  considered.  Accumulation  (and  therefore 
dipolei  domains  cannot  be  formed  because  accumulating 
electrons  would  be  emitted  out  of  the  GaAs.  The  total  lack  of 
any  kind  of  instability,  however,  does  not  necessarily  follow 
from  these  arguments  and  might  be  connected  with  fixed 
interface  inhomogeneities  at  which  the  electrons  spill  out 
first. 

The  speed  of  the  effect  could  not  be  determined  with  the 
present  experimental  arrangement.  We  can  only  say  that  the 
effect  is  faster  than  l  ns.  Our  measurements  below  1  ns  were 
hampered  by  parasitic  capacitances  possibly  caused  by  the 
layered  structure  itself.  Finally,  we  would  like  to  mention 
that  the  peak-to-valley  ratio  of  the  current-voltage  charac¬ 
teristic  will  depend  strongly  on  the  electron  mobility  of  the 


Al.Ga,  _ ,  As.  To  obtain  high  peak-to-valley  ratios,  the  mo¬ 
bility  in  the  Al,Ga,  _,As  should  be  around  100  and  >5000 
cmW  s  in  the  GaAs.  In  order  to  allow  simultaneously  for 
depletion  of  the  A),  Ga,  _ ,  As,  highly  compensated  material 
is  needed.  If  low  mobilities  in  compensated  material  can  be 
achieved  without  introducing  deep  traps,  the  resulting  nega¬ 
tive  differential  resistance  should  have  a  peak-to-valley  ratio 
much  larger  than  that  achievable  by  the  RWH  mechanism. 
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We  have  performed  a  Monte  Carlo  simulation  of  high-field  transport  in  GaAs  using  a  realistic 
band  structure  obtained  by  the  empirical  pseudopotential  method.  On  this  basis,  a  detailed  study 
of  the  band  structure  dependence  of  impact  ionization  in  GaAs  is  given.  Our  method  avoids  the 
use  of  the  effective  mass  theorem  or  the  Kane  model  of  nonparabolicity,  which  arc  no  longer 
accurate  at  high  electron  energies.  We  show  (i)  that  the  orientation  dependence  of  the  impact 
ionization  rate  is  negligibly  small,  (ii)  that  the  saturation  velocity  of  electrons  in  GaAs  is  close  to 
6  x  l  O'*  cm/s  at  extremely  high  fields  (this  value  is  determined  to  a  large  extent  by  the  band 
structure,  and  (iii)  that  the  previous  theories  of  impact  ionization  as  given  by  Wolff,  Shockley,  and 
Baraff  have  numerous  limitations. 

PACS  numbers.  72.20.Ht,  72.10.  -  d,  79.20.Hx,  85.30.De 


Impact  ionization  and  other  high-field  phenomena1  are 
of  considerable  interest  because  many  semiconductor  de¬ 
vices  are  based  on  high-field  effects  (avalanche  photodiodes, 
IMPATT  diodes,  Gunn  diodes)  or  necessarily  involve  them 
in  their  operation  and  are  limited  because  of  them  (charge 
coupled  devices,  field  effect  transistors).  In  spite  of  the  ur¬ 
gent  need,  a  rigorous  theory  for  electronic  transport  above 
about  5  x  104  V/cm  has  not  been  developed.  The  main  rea¬ 
son  for  this  is  that  any  theory  applicable  at  high  electric  field 
must  include  a  realistic  band  structure  and  abandon  the  ef¬ 
fective  mass  approximation  or  simple  extensions  using  the 
k-p  method  to  allow  for  nonparabolicity.1 

Surprisingly  enough,  for  specific  quantities  (such  as  the 
impact  ionization  rate)  successful  phenomenological  theor¬ 
ies  have  been  given  without  including  the  band  structure. 
These  theories  developed  by  Wolff,'  Shockley,4  Baraff,5 
Dumke.'’  and  Chwang  et  aV  fail,  however,  when  used  to 
calculate  other  transport  quantities  or  when  applied  to  dif¬ 
ferent  materials.  Dumke's  theory  is  only  applicable  to  InSb 
or  InAs.  whereas  Wolff's.  BaraiTs,  and  Chwang's  treat¬ 
ments  are  only  valid  for  nonpolar  materials.  The  reason  for 
the  partial  success  of  theories  u7  is  that  adjustable  parameters 


are  used,  which  can  successfully  “absorb"  the  band-struc¬ 
ture  effects  on  the  field  dependence  of  the  impact  ionization 
rate,  but  do  not  “absorb”  these  effects  for  other  transport 
quantities.  Effects  of  crystal  orientation  can  not  be  practical¬ 
ly  treated  by  these  theories  at  all.  The  reason  is  that  the 
inclusion  of  the  band  structure  in  analytical  solutions  of  the 
Boltzmann  equation  is  impractical,  if  not  impossible. 

The  Monte  Carlo  method  provides  an  alternative  to  the 
solution  of  the  Boltzmann  equation.  This  method  can  be 
used  to  calculate  the  impact  ionization  rate,"'4  the  drift  ve¬ 
locity,  and  other  quantities  of  interest  without  any  a  priori 
assumptions  on  the  form  of  the  distribution  function.  The 
Monte  Carlo  method  can  also  take  into  account  a  large  vari¬ 
ety  of  scattering  mechanisms  and,  therefore,  is  applicable  to 
both  polar  and  nonpolar  semiconductors.  In  this  letter  we 
report  the  use  of  the  Monte  Carlo  method  with  a  realistic 
band  structure  as  calculated  by  the  empirical  pseudopoten- 
tia!  method10  for  the  calculation  of  high-field  transport.  The 
numerical  procedure  is  as  follows.  The  E  Ik)  relation  and  its 
gradients  (velocity)  have  been  calculated  using  the  48-fold 
.ymmetry  of  the  Brillouin  zone  \  1 56  mesh  points  in  the  1  '48 
part  of  the  zone).  The  E  Ik)  relation  for  an  arbitrary  k  vector 
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FIG.  1.  Typical  trajectory  of  the  electron  k  vector  in  the  Brillouin  zone  for 
an  electric  field  of  500  kV/cm.  The  solid  lines  represent  the  drifts  and  the 
broken  lines  represent  the  scatterings  from  one  point  to  the  next. 

can  then  be  calculated  by  quadratic  interpolation.  Only  the 
lowest  conduction  band  (over  the  whole  Brillouin  zone)  has 
been  used  for  the  simulations.  Tunneling  to  upper  bands  has 
been  neglected  because  of  the  much  smaller  probability  of 
tunneling  as  compared  to  the  probability  of  phonon  scatter¬ 
ing.  1 1  Next  we  need  to  know  the  phonon  scattering  rate.  The 
scattering  rates  in  GaAs  for  energies  below  1.0  eV  are  well 
know  from  the  study  of  the  Gunn  effect.12  We  have  used  the 
same  parameters  as  given  by  Littlejohn  et  al. 1 '  Not  much  is 
known,  on  the  other  hand,  about  the  scattering  rate  above 
1.0  eV.  Here  we  have  assumed  a  quadratically  decreasing 
scattering  rate  above  1.5  eV  because  the  intervalley  scatter¬ 
ing  rate  is  proportional  to  the  density  of  final  states,  and  the 
density  of  states  in  the  conduction  band  decreases  above  1.5 
eV.14  The  rate  varies  from  4.5  x  1014  s~‘  at  1.5  eV  to 
2.5  x  I014s-1  at  2.5  eV.  For  simplicity  we  have  assumed  the 
scattering  rate  to  be  isotropic,  and  the  overlap  integrals 1 5  are 
assumed  to  be  unity.  This  overestimates  the  scattering  rate  in 
the  satellite  valleys.  However,  since  scattering  to  upper 
bands  is  possible  in  reality,  (which  increases  the  scattering 


FIG.  2.  Calculated  electric  field  dependence  of  the  electron  initiated  impact 
ionization  rate  in  GaAs.  The  shaded  region  indicates  the  range  of  available 
experimental  data.  (See  Refs.  1 7  and  I8|. 


FIG.  3.  Calculated  electron  drift  velocity  in  GaAs  at  room  temperature 
compared  with  the  experimental  data.  (See  Refs.  19  and  20). 


rate  in  the  satellite  valleys),  the  overestimation  is  at  least 
partly  compensated. 

The  final  state  of  the  scattering  process  is  determined  in 
the  following  way.  Since  polar  optical  scattering  is  dominant 
only  at  low  energies  in  the  central  valley,  the  usual  formula 
with  effective  mass  and  nonparabolicity  terms  is  used  to 
choose  a  candidate  for  the  final  k  point.  The  energy  at  this  k 
point  is  then  recalculated  using  the  exact  band  structure  to 
check  if  it  is  within  an  allowed  range  ( —  30  meV)  around  the 
final  energy  ( E  +  fuoQ  in  the  case  of  phonon  absorption).  If  it 
is  outside  this  range,  a  different  final  state  is  chosen,  and  the 
process  is  repeated  until  a  proper  state  with  correct  energy  is 
found.  Intervalley  scattering  is  known  to  be  completely  ran¬ 
domizing.  1  For  this  mechanism,  once  the  final  energy  is  cal¬ 
culated,  those  mesh  points,  whose  energies  are  within  the 
allowed  range,  are  tabulated.  One  of  them  is  then  randomly 
selected  as  the  final  state. 

Our  treatment  of  phonon  scattering  processes  repre¬ 
sents  a  compromise  between  accuracy  and  numerical  tracta- 
bility.  In  the  limit  of  infinitely  fine  mesh  points  (instead  of 
156  points  in  1/48  of  the  Brillouin  zone)  and  infinitely  small 
allowed  final  energy  range  (instead  of  30  meV)  the  procedure 
is  basically  correct  as  the  scattering  rate  for  deformation  po¬ 
tential  scattering  is  proportional  to  the  final  density  of  states. 

The  impact  ionizing  collision  is  treated  as  an  additional 
scattering  mechanism.  We  assume  an  isotropic  threshold  en¬ 
ergy  of  2.0  eV.  According  to  Keldysh,16  the  probability  of 
impact  ionization  can  be  represented  as 


1 

r,(E) 


(1) 


where  E  is  the  electron  energy,  E,  is  the  threshold  energy, 

1  /r\E, )  is  the  scattering  rate  at  E  =  Et ,  and  Fisa  dimension¬ 
less  constant  which  is  generally  much  larger  than  unity.  This 
formula  is  valid  for  semiconductors  with  large  dielectric 
constants.  We  insert  P  =  400.7  A  more  rigorous  treatment 
must  involve  the  calculation  of  the  matrix  element  for  the 
screened  Coulomb  interaction.9 

The  simulation  then  starts  by  releasing  an  electron  with 
zero  energy  at  the  bottom  of  the  central  valley.  The  motion 
of  an  electron  during  the  drift  is  determined  by  the  equations 
of  motion 
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V  = 


(2) 

(3) 


where  F  is  an  electric  field  vector,  and  v  is  the  electron  veloc¬ 
ity  in  real  space.  The  drift  time  and  the  scattering  events  are 
determined  by  random  numbers  as  in  conventional  Monte 
Carlo  methods.  When  impact  ionization  occurs,  the  energy 
of  an  electron  is  reinitialized  to  zero.  The  impact  ionization 
rate  can  be  obtained  by  averaging  the  distance  to  impact 
ionization  over  a  sufficient  number  of  ionizations.  Each  dis¬ 
tance  traveled  during  the  drift  is  calculated  either  by  accu¬ 
mulating  a  differential  distance,  vAt,  or  by  utilizing  the 
relation  ' 

AE  =  eFAx ,  (4) 


where  AE  is  the  energy  gained  during  the  drift. 

Figure  1  shows  a  typical  trajectory  of  the  k  vector  in  the 
Brillouin  zone  for  an  electric  field  of  500kV/cm  in  the  (100) 
direction.  The  solid  lines  represent  the  drift  of  the  electron, 
and  the  broken  lines  represent  the  scatterings  from  one  point 
to  another.  When  the  k  vector  lies  outside  of  the  Brillouin 
zone,  it  is  placed  back  to  the  equivalent  point  inside  the  zone. 
A  typical  simulation  consists  of  approximately  100,000- 
200,000  scattering  events. 

The  calculated  electric  field  dependence  of  the  impact 
ionization  rate  in  GaAs  is  shown  in  Fig.  2.  The  shaded  region 
indicates  the  range  covered  by  the  currently  available  experi¬ 
ment  data.17'1*  The  agreement  is  fairly  good  considering  the 
uncertainty  in  the  scattering  rate  at  higher  energies.  The  in¬ 
clusion  of  upper  bands  is  expected  to  increase  the  calculated 
ionization  rate  slightly.  Wnhri  statistical  fluctuations 
I  —  20%  I  we  do  not  see  any  orientation  dependences  of  the 
ionization  rate.  This  contradicts  the  experimental  data  by 
Pearsall  ef  al.,'*  who  found  that  the  ionization  rate  differs  in 
various  crystal  directions  by  almost  an  order  of  magnitude  at 
lower  fields. 

Figure  3  shows  the  electron  drift  velocity  in  GaAs  cal¬ 
culated  by  our  method.  The  broken  curve  represents  the  ex¬ 
perimental  data.19  :o  The  agreement  is  good  in  the  whole 
range  of  electric  fields  which  has  been  investigated  experi¬ 
mentally.  The  slight  deviations  between  theory  and  experi¬ 
ment  are  believed  to  be  mainly  due  to  the  pseudopotentiai 
band  structure  which  gives  the  effective  masses  at  the  /",  X, 
and  L  valleys  larger  than  are  usually  measured.  In  Fig.  3  it 
can  also  be  seen  that  the  calculations  describe  quantitatively 
the  Gunn  effect.  Both  X  and  L  valleys  are  of  course  auto¬ 
matically  included. 

These  are  three  major  results  which  have  been  obtained 
with  one  set  of  material  constants.  We  now  describe  briefly 
some  other  results  of  more  qualitative  nature.  We  have 
learned  that  the  electrons  are  not  at  all  drifting  mainly  in  the 
direction  of  the  electric  field:  they  are  frequently  scattered 
practically  all  over  the  Snllouin  zone  (Fig.  1 1.  The  electrons 
move  over  relatively  long  time  periods  perpendicular  to  the 
external  fields  because  of  Bragg  reflection  at  energies  above  1 
eV.  Moreover,  we  find  hardly  any  “lucky”  electrons  which 
totally  escape  the  phonon  scattering.  This  contradicts  some 


of  Shockley’s  ideas  of  impact  ionization.  Shockley’s  “lucky” 
electrons  start  from  zero  energy,  escape  the  phonon  scatter¬ 
ing,  and  impact  ionize.  We  find  instead  that  the  electrons 
stay  around  an  average  energy  of  typically  0.8  eV  (for  the 
case  of  500  k  V/cm )  and  experience  a  large  number  of  scatter¬ 
ing  events.  Once  in  a  while  electrons  escape  the  phonon  scat¬ 
tering  events  and  move  up  to  higher  energy.  Then  if  they  are 
lucky  enough  they  reach  ionization  threshold  after  a  few 
(typically  three  to  five|  scattering  events.  In  view  of  these 
facts  the  question  arises  why  the  previous  theories1"6  of  im¬ 
pact  ionization  are  so  successful  and  which  one  is  the  closest 
to  the  truth?  For  instance,  Shockley’s  physical  arguments 
linking  the  number  of  phonon  scatterings  and  the  probabil¬ 
ity  to  impact  ionize  are  reflected  also  by  our  simulations.  The 
quantitative  success  of  previous  theories,  however,  is  con¬ 
nected  with  the  large  number  of  adjustable  parameters. 

Our  method  can,  of  course,  be  applied  to  any  semicon¬ 
ductor.  The  calculations,  however,  can  be  costly  and  time 
consuming.  The  above  simulation  takes  about  an  hour  of 
CPU  time  on  a  DEC-20  for  each  value  of  the  electric  field. 
However,  the  efficiency  of  the  program  has  not  yet  been  opti¬ 
mized.  Finally,  we  would  like  to  note  that  the  problem  of  hot 
electron  emission  from  silicon  into  silicon  dioxide21  over  a 
potential  barrier  of  —  3  eV  certainly  needs  the  inclusion  of  a 
realistic  band  structure.  Calculations  on  this  problem  are  in 
progress. 
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We  have  performed  a  Monte  Carlo  simulation  ol'  high-t'ield  transport  in  GaAs  including  a 
realistic  band  structure  to  study  the  hand-structure  dependence  ol  electron  transport  and  impact 
ionization.  The  band  structure  has  been  calculated  using  the  empirical  pseudopotential  method. 
Unlike  previous  theories  of  impact  ionization,  our  method  is  capable  of  calculating  various 
parameters,  such  as  mean  free  path,  from  first  principles.  The  calculated  electron  mean  free 
path,  drift  velocity,  and  impact  ionization  rate  are  in  reasonable  agreement  with  the  experimen¬ 
tal  data  in  spite  of  several  simplifications  of  the  model.  Within  statistical  uncertainty  we  do  not 
observe  any  orientation  dependence  of  the  ionization  rate  in  contradiction  to  the  interpretation 
of  recently  reported  expe-intental  results.  We  also  find  that  the  contribution  of  ballistic  elec¬ 
trons  to  impact  ionization  is  negligibly  small.  Based  on  the  results  of  the  calculation,  a  general 
discussion  of  impact  ionization  is  given 


I.  INTRODUCTION 

A  large  number  of  semiconductor  devices  operate 
on  the  basis  of  highly  energetic  (hot)  electrons.  Im¬ 
pact  ionization  is  an  essential  mechanism  in  the 
operation  of  photodetectors1  and  impact-avalanche 
transit-time  (1MPATT)  diodes.2  At  present,  howev¬ 
er.  the  understanding  of  this  effect  is  limited  to  a 
number  of  theories2 which  contain  several  adju¬ 
stable  parameters  whose  physical  significance  is  not 
well  understood.  The  most  widely  used  theory  of  im¬ 
pact  ionization  has  been  given  by  Baraff.5  The 
adjustable  parameters  of  his  theory  are  the  threshold 
energy  for  ionization,  the  optical-phonon  energy,  the 
ionization  mean  free  path,  and  the  mean  free  path 
for  optical-phonon  scattering.  Although  some  at¬ 
tempts  have  previously  been  made  to  determine 
these  parameters  theoretically,9  10  a  "complete" 
theory  of  impact  ionization,  which  is  capable  of  calcu¬ 
lating  these  quantities  (and  therefore  the  ionization 
rate)  from  first  principles,  has  not  been  developed. 
The  main  reason  is  that  any  theory  applicable  at  ex¬ 
tremely  high  electric  fields  (causing  ionization)  must 
abandon  the  effective-mass  approximation  or  simple 
extensions  using  the  kp  method,  and  instead  in¬ 
clude  a  realistic  band  structure.  The  surprising  suc¬ 
cess  of  Baraff  s  theory  in  explaining  the  electric  field 
dependence  of  the  ionization  rate  is  due  to  the  adju¬ 
stable  parameters,  which  can  “absorb"  ihe  band- 
structure  effects.  The  inclusion  of  the  band  structure 
in  solutions  of  the  Boltzmann  equation,  however,  is 
impractical.  It  is  also  difficult  to  include  realistic 
scattering  mechanisms.  For  example,  the  inclusion 
of  both  small  angle  scattering  and  randomizing 
scattering  mechanisms  in  the  same  analytical  frame- 
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work  is  difficult.  As  a  consequence  all  the  previous 
theories  are  only  applicable  to  specific  materials.  For 
instance.  Dumke's  theory  is  only  applicable  to  InSb 
or  InAs.  whereas  Baraff  s5  or  the  Chwang  el  at.  * 
treatment  is  only  valid  for  nonpolar  materials,  such 
as  Si  or  Ge. 

The  Monte  Carlo  method  provides  an  alternative  to 
the  solution  of  the  Boltzmann  equation  11  12  The 
method  can  take  into  account  a  large  variety  of 
scattering  mechanisms,  and  therefore,  is  applicable  to 
both  polar  and  nonpolar  semiconductors.  It  can  cal¬ 
culate  the  quantities  of  interest  such  as  drift  velocity, 
mean  free  path,  and  average  electron  energy  without 
any  a  priori  assumption  on  the  form  of  the  distribu¬ 
tion  function.  Some  attempts  have  previously  been 
made  to  calculate  the  impact  ionization  rate  by  the 
Monte  Carlo  method, 12  19  but  without  including  a 
realistic  band  structure.  In  this  paper  we  describe  a 
Monte  Carlo  method  that  includes  a  realistic  band 
structure  as  calculated  by  the  empirical  pseudopoten- 
tial  method.15  This  method  should  provide  a  tool  for 
understanding  electronic  transport  in  very  high  fields. 
Of  course,  we  do  not  yet  have  all  the  necessary  infor¬ 
mation  to  perform  a  rigorous  calculation  at  such  high 
fields.  For  example,  not  much  is  known  about  the 
selection  rules  for  scattering  at  points  of  low  sym¬ 
metry,  the  changes  of  the  ionization  matrix,  and  ihe 
scattering  rate  at  high  energies.  Because  of  this  lack 
of  information,  we  must  still  use  a  simpler  model 
than  the  method  would  allow  for.  These  simplifica¬ 
tions  should  not  be  considered  as  restrictions  of  the 
method  itself.  As  more  information  becomes  avail¬ 
able  in  the  future,  the  method  can  be  improved  with 
ease  to  accommodate  new  information.  In  spite  of 
the  simplifications,  the  results  we  obtain  provide  in- 
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sight  into  how  the  various  parameters  in  previous 
theories  are  connected  and  into  how  the  band  struc¬ 
ture  influences  the  impact  ionization  rate.  In  particu¬ 
lar.  the  method  is  applied  to  study  the  electron- 
initiated  ionization  in  GaAs.  The  results  also  give  us 
information  about  the  accuracy  of  the  pseudopoten¬ 
tial  band  structure  at  high  energies. 


II.  SUMMARY  OF  EXPERIMENTAL  RESULTS 

Before  we  discuss  the  theory  of  impact  ionization, 
it  is  instructive  to  summarize  the  available  experi¬ 
mental  data.  Various  experimental  techniques  to 
measure  (he  ionization  rate  are  described  in  detail  in 
the  review  paper  by  Stillman  and  Wolfe.1  Their  arti¬ 
cle  also  contains  some  of  the  experimental  data  on 
the  electron-initiated  ionization  rate  in  GaAs.  Figure 
1  summarizes  more  recent  data.16-1’  The  experimen¬ 
tal  results  usually  show  a  1/f2  dependence  of  the 
ionization  rate  (F  is  the  electric  field).  As  can  be 
seen  from  the  figure,  the  data  of  different  workers 
scatter  almost  by  an  order  of  magnitude. 

Of  special  interest  are  the  results  of  Pearsall 
et  a/..1’  who  measured  the  electron  ionization  rate 
with  the  electric  field  applied  in  three  different  crys¬ 
tallographic  directions.  Their  data  are  replotted  in 
Fig.  2.  They  have  measured  the  highest  ionization 
rate  in  the  <110)  direction  and  the  lowest  in  the 
(111)  direction.  They  have  attributed  this  difference 
to  ballistic  electrons  and  electron  trunneling  to  the 


l/Fm  UO'6emV2) 


FIG.  1.  Experimental  ionization  rates  of  electrons  for 
GaAs  at  room  temperature  (Refs.  16-19). 


i/Fm(10'*cmV*1) 

FIG.  2.  Experimental  electron  lomzanon  rates  by  Pearsall 
ci  al.  (Ref.  19)  as  a  function  of  reciprocal  electric  field  for 
three  orientations  of  electric  field 


next  higher  conduction  band.”  20  Although  these 
data  raise  an  interesting  question  as  to  how  the  band 
structure  actually  influences  the  ionization  rate,  their 
notion  of  ballistic  electrons  seems  to  be  incorrect,  as 
is  shown  in  this  work.  More  systematic  and  reliable 
data  are  necessary  to  make  a  comparison  with  the 
theory. 

HI.  PREVIOUS  THEORIES  OF  IMPACT  IONIZATION 

Wolff1  was  the  first  to  calculate  the  ionization  rate 
in  semiconductors.  He  applied  the  gas  discharge 
theory  to  solve  the  Boltzmann  equation  taking  into 
account  the  effect  of  electron-phonon  and  pair- 
producing  collisions  on  the  distribution  function. 

The  velocity  distribution  function  was  approximated 
as 

n{v,9)  —  n0(v)  +h|(u)cos»  .  (1) 

where  v  is  the  electron  velocity,  and  9  is  the  angle 
between  the  velocity  and  the  electric  field.  This  is  an 
energy  diffusion  theory,  in  which  the  electrons  un¬ 
dergo  many  collisions  when  moving  to  higher  ener¬ 
gies.  The  Boltzmann  equation  was  then  solved  to 
calculate  the  ionization  rate  with  the  result 

a(  F)  —  exp(  —  A  IF1)  .  (2) 

where  F  is  the  electric  field. 

Shockley.4  on  the  other  hand,  argued  that  ioniza¬ 
tion  is  mainly  due  to  “lucky"  electrons  which  com¬ 
pletely  escape  phonon  scatterings  and  reach  the 
threshold  energy.  In  this  streaming  approximation 
the  distribution  is  a  spike  in  the  direction  of  the  elec¬ 
tric  field.  He  considered  the  relative  probability  of 
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phonon  scattering  and  pair  production,  and  obtained 
an  ionization  rate  whose  dependence  on  F  is  given  by 

a(F) -exp(-B/F )  .  (3) 

Next,  Baraff1 21  solve  the  time-independent  Boltz¬ 
mann  equation  and  showed  that  his  result  contained 
Shockley’s  result  as  a  low-field  limit,  and  Wolff's 
result  as  a  high-field  limit.  His  theory  gives  the 
“universal”  curves  with  phonon  mean  free  path  and 
ionization  threshold  energy  as  parameters,  which  are 
adjusted  to  fit  theory  to  experimental  data.  However, 
it  does  not  provide  a  way  to  calculate  these  quanti¬ 
ties,  nor  does  it  include  the  band  structure. 

Recently,  Chwang  et  at .  *  took  a  different  approach 
using  a  finite  Markov  chain  formation.  Their  method 
is  based  on  the  calculation  of  a  transition  matrix 
which  characterizes  the  transition  probability  between 
virtual  states  defined  by  small  discrete  energy  inter¬ 
vals.  Interesting  as  it  is,  their  method  is  limited  by 
the  analytical  formulations.  It  still  requires  the  same 
assumptions  as  BaratT s  theory  and  does  not  produce 
much  more  information.  For  example,  an  assump¬ 
tion  of  a  constant  mean  free  path  for  phonon  scatter¬ 
ing  is  still  necessary.  Moreover,  the  Markov  formu¬ 
lation  is  only  applicable  to  nonpolar  semiconductors. 

Nevertheless,  Baraff's  and  Chwang’s  theories  con¬ 
tain  some  “truth”  about  the  impact  ionization 
mechanism,  as  does  Shockley's  and  Wolff  s  approach. 
How  they  are  related,  and  how  they  complement  each 
other  will  be  clear  as  a  result  of  the  Monte  Carlo  cal¬ 
culation  described  in  this  work.  This  Monte  Carlo 
method  includes  a  realistic  band  structure.  As  a 
result,  the  orientation  dependence  of  the  impact  ioni¬ 
zation  can  also  be  calculated. 

IV.  BAND  STRUCTURE  OF  GaAs 

The  band  structure  of  GaAs  has  been  calculated 
using  the  empirical  pseudopotential  method  as 
described  by  Cohen  and  Bergstresser.13  Only  the 
lowest  conduction  band  has  been  considered.  The  ef¬ 
fect  of  higher  bands  is  briefly  discussed  in  the  later 
sections.  Advantage  is  taken  of  the  48-fold  sym¬ 
metry  of  the  Brillouin  zone  of  the  zinc-blende  struc¬ 
ture.22  It  is  only  necessary  to  examine  a  •^■ih  of  the 
zone.  This  region  is  defined  by  the  conditions 


0  «  k.  sS  k,  «  k,  «  1  (4) 

and 

k,+k,+k;  .  (5) 

where  all  the  k  components  are  in  units  of  lit/ a  ( a  is 
the  lattice  constant,  a  -5.64  k  for  GaAs).  Mesh 

points  (kt,  k„  k.  -0.0.0. 1 . )  are  sampled  from 

this  region,  and  the  energy  and  its  gradient  (velocity) 
at  each  k  point  are  calculated.  A  total  of  249  points 
have  been  sampled  with  156  points  within  the  region. 
The  extra  93  points  outside  the  region  are  necessary 


FIG.  3.  Cross  section  of  the  Brillouin  zone. 


for  the  interpolation  of  energy  in  the  proximity  of  the 
surface  of  the  sampling  region.  Figure  4  illustrates 
the  isoenergy  lines  in  the  cross  section  of  the  Bril¬ 
louin  zone  shown  in  Fig.  3,  with  the  numbers 
representing  the  electron  energy  from  the  bottom  of 
the  conduction  band  (at  D.  It  can  be  seen  that  the 
f  valley  is  nearly  isotropic,  whereas  the  V  valleys  are 
more  elliptic.  The  band  structure  is  then  stored  in 
memory  and  used  in  the  Monte  Carlo  simulation 
which  is  described  in  Sec.  VI. 

For  the  study  of  "lucky  electron"  transport  extra  is 
points  have  been  sampled  in  three  major  crystal 
directions,  i  e.,  the  (100),  (110),  and  (111  )  direc¬ 
tions.  The  results  have  made  it  obvious  (see.  for  ex¬ 
ample.  Fig.  S  of  Ref.  15)  that  the  use  of  the  effective 
mass  and  nonparabolicity  is  not  valid  lor  electron  en¬ 
ergies  above  approximately  1  eV  in  some  directions. 
In  fact,  the  effective  mass  defined  as 


J _ 1  6  2EU) 

w*  /t1  9k2 

goes  to  negative  values  at  higher  energies. 


(6) 


FIG.  4.  Isoenergy  lines  of  the  lowesi  conduction  band  of 
GaAs  in  the  cross  section  shown  in  Fig  3.  The  numbers 
represent  ihe  energies  measured  from  the  F  minimum 
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V  BALLISTIC  ELECTRON  TRANSPORT 
AND  PHONON  SCATTERING 

The  term  ••ballistic  electrons"  has  recently  been 
used  to  denote  those  electrons  which  do  not  suffer 
phonon  scattering.10  23  This  is  equivalent  to  the 
"lucky"  electron  notion  in  Shockley’s  theory.  Since 
the  possible  contribution  of  ballistic  electrons  to  im¬ 
pact  ionization  has  been  suggested,20  the  behavior  of 
ballistic  electrons  has  been  examined  using  the  pseu¬ 
dopotential  band  structure.  The  study  has  been  per¬ 
formed  by  solving  the  equations  of  motion 


-eF 

(7) 

d! 

v-i^£(k)  . 

K 

(8) 

where  P  is  the  applied  electric  field,  k  is  the  electron 
wave  vector,  £  is  the  electron  energy,  and  v  is  the 
group  velocity  of  the  electron.  Equations  (7)  and  (8) 
are  solved  simultaneously  with  the  initial  condition 
k-Oat  r  -0,  to  express  v  and  £as  a  function  of 
time  t.  The  field  is  assumed  to  be  constant.  Results 
of  the  calculations  are  shown  in  Fig.  5  for  the  three 
major  crystallographic  diiections.  The  electric  field 
has  been  chosen  to  be  500  kV/cm,  a  typical  field  for 
impact  ionization.  Figure  5  shows  the  electron  velo¬ 
city,  v.  as  a  function  of  time.  The  orientation  depen¬ 
dence  of  the  ballistic  behavior  is  obvious  from  this 
figure.  The  highest  peak  velocity  is  reached  in  the 
<100)  direction  ( — -1.1  x  10*  cm/sec)  and  the  lowest 


FIG  5  V  arianon  of  ballistic  electron  velocity  with  lime  in 
three  crystallographic  directions  of  GaAs. 


in  the  <11 1)  direction  (—0.8  x  10*  cm/sec). 

In  a  nonideal  crystal,  however,  ballistic  transport 
must  compete  with  scattering  processes.  It  will  be 
shown  by  the  Monte  Carlo  simulation  that  on  the 
average  an  electron  can  travel  ballistically  for  only 
—3  x  to-14  sec  before  it  suffers  a  phonon  scattering. 
In  the  <111)  direction,  the  electron  can  never  gain 
sufficient  energy  ballistically  for  impact  ionization.19 
In  the  <100)  direction,  the  impact  ionization  thresh¬ 
old  can  be  reached  only  if  electrons  tunnel  in  k  space 
to  the  next  higher  band  —0.2  eV  above  the  principal 
conduction  band.11- 19  Therefore  scattering  events  be- 


FIG.  6.  (a)  Example  of  wave-vector  trajectory  of  electron 
in  r A'L  plane  under  ihe  influence  of  electric  field  in  the 
<  1 1 1 )  direction.  Electron  is  scatlered  from  A  to  8  Energy 
change  in  the  scattering  process  has  been  neglected,  lb) 
Variation  with  time  of  electron  energy  for  the  process  shown 
in  (a). 
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come  crucial  for  the  occurrence  of  impact  ionization 
in  these  directions. 

Electrons  can  be  scattered  o  other  regions  of  the 
Brillouin  zone  with  a  single  scattering  event  being 
sufficient  to  permit  the  electrons  to  reach  threshold 
energy.  This  mechanism  is  illustrated  in  Fig.  6  for  an 
electric  field  applied  in  the  <  1 1 1  >  direc.ion.  .*  n  elec¬ 
tron  starts  at  the  T  point  and  moves  along  the  (111) 
direction.  At  point  .4  [k  —  ( n/a  X0.3. 0.3. 0.3)  1,  the 
energy  is  at  the  maximum  for  this  direction,  but  it  is 
still  much  less  than  the  threshold  energy.  Subse¬ 
quently.  the  electron  can  be  scattered  (by  a  phonon 
or  impurity)  to  some  other  point  in  the  Brillouin 
zone,  point  B ,  for  exampie.  Following  this  scattering 
event,  the  (111)  component  of  the  electron  wave 
vector  continues  to  increase.  However,  the  wave 
vector  points  in  a  direction  different  from  the  (111) 
so  that  the  electron  can  now  reach  a  higher  energy. 

As  shown  in  Fig.  6.  the  electron  can  actually  exceed 
the  threshold  energy  for  impact  ionization  (~2.0eV'). 

This  is,  of  course,  only  one  example  of  an  electron 
trajectory  to  show  the  importance  of  scattering  pro¬ 
cesses  to  impact  ionization.  The  actual  calculation  of 
the  impact  ionization  rate  must  involve  averaging  of 
all  the  possible  electron  trajectories  until  the  electron 
reaches  the  threshold  energy.  This  is  achieved  by  the 
Monte  Carlo  method  which  is  described  in  the  next 
section. 

VI.  SIMULATION  METHOD 

The  Monte  Carlo  simulation  keeps  track  of  an  elec¬ 
tron  k  vector  in  the  Brillouin  zone  until  it  reaches  the 
threshold  energy  for  impact  ionization.  This  is  done 
with  a  knowledge  of  scattering  mechanisms,  scatter¬ 
ing  rates,  and  band  structure  in  the  whole  Brillouin 
zone.  The  £(k)  relation  for  an  arbitrary  k  point  can 
be  calculated  in  the  following  way.  First,  the  it  point 
is  mapped  into  the  sampling  region  by  using  the 
point-group  symmetry.  The  energy  is  then  calculated 
by  quadratic  interpolation  utilizing  the  energies  and 
the  gradients  of  the  surrounding  eight  mesh  points. 
The  gradient  is  interpolated  only  linearly.  Applying 
the  inverse  operations  on  the  calculated  energy  and 
gradient  gives  the  £(k)  relation  and  the  gradient  at 
the  original  it  point. 

Next  we  need  to  know  the  phonon  scattering  rate. 
Ideally  the  scattering  rate  should  be  calculated  at  each 
k  point  in  order  to  take  into  account  the  overlap  in¬ 
tegral. 2<  Also,  when  the  initial  or  final  electron  state 
is  not  on  the  symmetry  points,  the  selection  rules25 
become  less  restrictive  and  this  may  give  rise  to  addi¬ 
tional  scattering.  Moreover,  even  near  the  bottom  of 
the  valleys,  it  is  known  that  the  scattering  rates  are 
different  in  the  T.  L,  and  X  valleys.  We  have  as¬ 
sumed  the  scattering  rate  to  be  isotropic  (only  energy 
dependent)  for  simplicity  and  because  of  lack  of  addi¬ 
tional  information.  We  have  taken  the  scattering  rate 


as  given  for  the  central  valley.  This  overestimates 
the  scattering  rate  when  the  electron  is  in  the  satellite 
valleys.  The  simplification  is  partly  justified  by  the 
fact  that  the  scattering  rates  of  different  valleys  ap¬ 
proach  each  other  at  higher  energies.  Furthermore, 
since  scattering  to  upper  bands  is  possible  in  reality 
(which  increases  the  scattering  rate  in  the  satellite 
valleys),  the  overestimation  is  at  least  partly  compen¬ 
sated. 

The  values  of  the  parameters  for  the  calculation  of 
the  scattering  rate  are  the  same  as  the  ones  used  in 
the  simulation  of  the  Gunn  effect.26  They  are  known 
to  give  a  good  fit  to  the  experimental  data  at  low 
fields  Below  0.33  eV  only  polar  optical  scattering  oc¬ 
curs  in  the  central  valley.  Above  0.33  eV  polar  opti¬ 
cal  scattering  occurs  only  when  an  electron  is  in  the 
central  valley  arbitrarily  defined  as 

-0.3  €  A.,,  ky,  A;s»0.3  .  (9) 

where  the  components  are  in  units  of  Irr! a.  Other¬ 
wise  intervalley  scattering  occurs.  It  is  not  appropri¬ 
ate  to  simply  extend  the  scattering  rale  to  higher  en¬ 
ergies  because  of  the  complicated  band  structure.  Be¬ 
cause  the  intervalley  scattering  rate  is  proportional  to 
the  density  of  final  states,  and  the  density  of  states  in 
the  conduction  band  decreases  nearly  quadratically 
above  1.5  eV.v  we  have  assumed  a  quadratically  de¬ 
creasing  scattering  rate  above  1.5  eV.  The  resultant 
total  scattering  rate  as  a  function  of  electron  energy  is 
shown  in  Fig.  7  (solid  line).  The  maximum  scatter¬ 
ing  rate  is  4.5  x  1014  sec'1  at  1.5  eV. 

In  the  (100)  direction  the  threshold  state  for 
electron-initiated  ionization  lies  in  the  second  con¬ 
duction  band."  An  electron  can  tunnel  through  the 
"pseudogap"  ( -'-0.2  eV)  between  the  lowest  and  the 
second  conduction  band  to  reach  threshold.  No  at¬ 
tempt  has  been  made  to  simulate  this  tunneling 
mechanism.  Since  the  tunneling  time  is  estimated  to 
be  of  the  order  of  1  x  10-13  sec."  and  the  intervalley 
scattering  time  for  an  electron  energy  of  2.0  eV  is 
much  shorter  (  <1  x  10”14  sec)  than  this  tunneling 
lime,  electrons  are  more  likely  to  be  scattered  before 
they  can  tunnel  to  the  upper  band.  Therefore,  the 
contribution  of  these  tunneling  electrons  to  impact 
ionization  is  expected  to  be  small. 

The  final  state  of  the  scattering  process  is  deter¬ 
mined  in  the  following  way.  Since  polar  optical 
scattering  is  dominant  only  at  low  energies  in  the 
central  valley,  the  usual  formula  with  effective  mass 
and  nonparabolicity  terms  is  used  to  choose  a  candi¬ 
date  for  the  final  it  point.  The  energy  at  this  it  point 
is  then  recalculated  using  the  exact  band  structure  to 
check  if  it  is  within  an  allowed  range  (typically  30 
meV)  around  the  final  energy  (for  example.  E  -‘-Sum 
in  the  case  of  phonon  absorption).  If  it  is  outside 
this  range,  a  different  final  state  is  chosen  and  the 
process  is  repeated  until  a  proper  state  within  the 
correct  energy  range  is  found.  Intervalley  scattering 
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FIG.  7.  Phonon  scattering  rate  and  the  impact  ionization 
probability  in  GaAs  as  a  function  of  electron  energy.  The 
parameters  are  due  to  Littlejohn  ei  til.  (solid  line)  (Ref.  26) 
and  Vinson  ei  al.  (broken  line)  (Ref.  33). 


is  known  to  be  completely  randomizing.2*  For  this 
mechanism,  once  the  final  energy  is  calculated,  those 
mesh  points  whose  energies  are  within  the  allowed 
range  are  tabulated.  One  of  them  is  then  randomly 
selected  as  the  final  state.  The  correct  overall  energy 
loss  is  checked  and  ensured  in  our  procedure. 

Our  treatment  of  phonon  scattering  processes 
represents  a  compromise  between  accuracy  and  nu¬ 
merical  tractability.  For  a  finite  number  of  mesh 
points,  the  energy  separation  between  any  two  k 
points  is  finite.  For  example,  for  our  156  mesh 
points  this  energy  separation  can  be  as  large  as  60 
meV.  The  allowed  energy  range  during  the  scattering 
must  be  large  enough  to  bridge  this  gap  in  order  to 
assure  the  continuity  of  the  energy  band.  In  the  limit 
of  infinitely  fine  mesh  points,  the  allowed  range  for  _ 
final  energy  can  be  infinitely  small.  The  number  of  k 
points  in  this  energy  range  for  a  given  final  energy  is 
proportional  to  the  density  of  states  at  each  region  of 
k  space  with  this  final  energy.  Therefore,  in  the  limit 
of  infinitely  fine  mesh  our  procedure  is  correct,  since 
the  scattering  rate  for  deformation  potential  scattering 
is  proportional  to  the  final  density  of  states. 

The  impact  ionizing  collision  is  treated  as  an  addi¬ 
tional  scattering  mechanism.  We  assume  an  isotropic 
threshold  energy  of  2.0  eV.  Anderson  and  Crowell’ 
have  shown  that  the  threshold  energy  actually 
depends  on  the  k  vector.  However,  their  graphical 


procedure  is  almost  impossible  to  perform  in  three- 
dimensional  momentum  space.  A  more  systematic 
approach  may  be  possible.2’  If  the  threshold  energy 
is  calculated  for  each  k  point,  it  can  be  easily  included 
in  this  simulation  procedure.  The  impact  ionization 
probability  can  be  calculated  from  the  matrix  element 
for  the  screened  Coulomb  interaction.” 1011  Howev¬ 
er,  here  we  use  a  simpler  model  demonstrated  by 
Keldysh612  and  used  by  others.*  According  to  Kel¬ 
dysh  the  probability  of  impact  ionization  can  be 
represented  as 


1 

r,(E) 


1 

r(£,) 


£-£, 


E, 


\i 


(10) 


where  E  is  the  electron  energy,  £,  is  the  threshold 
energy,  l/r(  E, )  is  the  scattering  rate  at  E  —  E<  and  P 
is  a  dimensionless  constant  which  is  usually  much 
larger  (han  unity.  This  formula  is  valid  for  semicon¬ 
ductors  with  large  dielectric  constants.  We  take  P  as 
a  parameter.  P-~50-°°has  been  used  by  Chwang 
ei  al.*  As  shown  by  Baraff,5  and  then  by  Chwang* 
the  impact  ionization  rate  does  not  strongly  depend 
on  this  parameter  as  long  as  P  is  large  compared  to 
unity.  The  energy  dependence  of  the  impact  ioniza¬ 
tion  probability  for  P  —400  is  illustrated  in  Fig.  7. 

Once  the  scattering  rate  and  the  ionization  proba¬ 
bility  are  determined,  the  rest  of  the  simulation  pro¬ 
cedure  is  similar  to  the  conventional  Monte  Carlo 
method."  The  scattering  probability  [Ar/r(£)l  is 
calculated  at  each  time  interval,  Ar,  and  compared 
with  a  random  number.  This  is  necessary  because  of 
the  complicated  £( k)  relation.  At  is  taken  to  be  ap¬ 
proximately  ~>-th  the  average  drift  time.  The  simula¬ 
tion  starts  by  releasing  an  electron  with  zero  energy 
at  the  bottom  of  the  central  valley.  The  energy  and 
the  k  vector  of  the  electron  are  traced.  When  impact 
ionization  occurs,  the  energy  is  reinitialized  to  zero  to 
start  a  new  history.  This  is  justified  by  the  fact  that 
the  resultant  electron  after  ionization  lies  very  close 
to  the  bottom  of  the  central  valley.’  The  impact  ioni¬ 
zation  rate  can  be  obtained  by  averaging  each  dis¬ 
tance  that  an  electron  travels  until  impact  ionization 
occurs  over  a  sufficient  number  of  ionizations.  The 
distance,  Sx,  traveled  during  each  drift  is  calculated 
either  by  accumulating  a  differential  distance.  vA t,  or 
by  utilizing  the  relation 

SE-eFSx  ,  (11) 


where  A  £  is  the  energy  gained  during  the  drift.  The 
velocity  v  is  calculated  from  the  gradient  of  the  £(k) 
relation. 


VII.  RESULTS 

A:  Contribution  of  ballistic  electrons 

By  terminating  the  simulation  after  the  first  scatter¬ 
ing  the  electron  suffers,  the  behavior  of  ballistic  elec- 
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irons  can  be  studied.  Additionally,  we  can  determine 
the  extent  which  these  ballistic  electrons  contribute  to 
impact  ionization.  Since  there  is  no  electron-initiated 
threshold  state  in  the  (100)  or  the  (111)  direction.19 
we  only  consider  the  <110)  direction.  We  have  also 
changed  the  threshold  energy  to  1.7  eV,  which  is  the 
correct  threshold  energy  in  this  direction.9  Typically 
100000  trials  have  been  done  for  each  electric  field. 

The  result  of  the  calculation  shows  that  an  electron 
travels  on  the  average  approximately  200  A,  for  an 
average  time  of  3  x  10'14  sec  before  the  first  scatter¬ 
ing  event.  These  numbers  differ  slightly  for  different 
orientations.  By  counting  those  electrons  which 
cause  impact  ionization  instead  of  scattering,  we  can 
estimate  the  contribution  of  ballistic  electrons  to  the 
impact  ionization  rate.  If  the  same  scattering  rate  is 
used  as  shown  in  Fig.  7  (known  to  give  a  good  fit  to 
the  Gunn  effect211),  we  find  no  electrons  (less  than 
0.001"*)  causing  impact  ionization.  There  may  be 
some  uncertainties  in  the  scattering  rate,  particularly 
in  the  values  of  the  deformation  potential  constants. 
To  find  the  maximum  possible  contribution  of  ballis¬ 
tic  electrons  to  impact  ionization,  a  smaller  scattering 
rate  has  been  tried.  We  have  used  the  values  given 
by  Vinson  era/.}}:  £r_r-0.4,  £r_t-0.38  eV, 

Dr.,  -  1.1  x  109,  and  Dr-i  —2.8  x  10*  eV/cm.  This 
gives  the  scattering  rate  shown  by  the  broken  line  in 
Fig.  7.  This  rate  is  approximately  half  of  the  previ¬ 
ous  value.  Using  this  scattering  rate  in  our  calcula¬ 
tion  we  obtain  the  results  shown  in  Fig.  8.  This  fig- 


FIG  3  Probability  of  ballistic  electron  causing  impact 
lomzjiion  as  a  function  of  a  reciprocal  electric  field. 


ure  shows  the  probability  that  an  electron  causes  im¬ 
pact  ionization  prior  to  ns  scattering  by  a  phonon  as  a 
function  of  electric  field.  As  can  be  seen,  even  at  the 
maximum  (500  kV/cm  for  £-<»),  only  0.2%  of  the 
electrons  causing  impact  ionization  are  “ballistic.” 
Therefore  we  conclude  that  the  contribution  of  ballis¬ 
tic  electrons  to  impact  ionization  is  negligibly  small  if 
our  present  understanding  of  the  scattering  rate  is 
correct.  This  conclusion  negates  the  considerations 
by  Capasso  et  at. 20  who  suggested  that  ballistic  elec¬ 
trons  give  a  non-negligible  contribution  to  the  total 
ionization  rate. 

These  “ballistic”  electrons  were  discussed  by 
Shockley  who  called  them  "lucky"  electrons.4  We 
have  shown  that  Shockley's  theory  gives  ionization 
rates  that  are  too  small.  It  is  interesting  to  note, 
however,  that  the  two  curves  in  Fig.  8  show  the 
correct  l/£  dependence  as  in  Shockley's  theory  in 
spite  of  the  much  more  complicated  band  structure 
and  scattering  rate  that  we  used. 


B.  Transport  properties  and  ionization  rate 

In  the  calculation  of  the  impact  ionization  rate  a 
typical  simulation  consists  of  approximately  200000 
to  400000  scattering  events.  Depending  on  electric 
field  this  would  give  40-300  impact  ionization 
events.  Figure  9  shows  a  typical  trajectory  of  the  k 
vector  in  the  Briltouin  zone  for  an  electric  field  of 
500  kV/cm  in  the  (100)  direction.  The  solid  lines 
represent  the  drift  of  the  electron,  and  the  broken 
lines  represent  the  scatterings  from  one  end  to  the 
next.  When  the  k  comes  to  lie  outside  of  the  Bril- 
louin  zone,  it  is  placed  back  inside  the  zone  to  the 
equivalent  point.  This  is  done  by  adding  the  appropri 


FIG.  9.  Typical  trajectory  of  the  electron  k  vector  in  the 
Brillouin  zone  for  an  electric  field  of  500  kV/cm.  The  solid 
lines  represent  the  drift  and  the  broken  lines  represent  the 
scatterings  from  one  point  to  the  next. 
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Nun'oef  o t  Impact  lomzaiior 

FIG  10  Impact  ionization  rate  in  GaAii  as  a  function  of 
ihe  number  of  ionizations  obtained  with  the  Monte  Carjo 
simulation.  The  calculation  is  from  (he  slope  of  ihe  ilk) 
curve  (  A)  or  from  Eg  (II)  ( O). 


ale  reciprocal-lattice  vector  to  the  original  k  vector. 

As  seen  from  the  figure  the  drift  time  is  very  short 
because  of  the  high  scattering  rate  at  higher  energies. 
The  electron  is  frequently  scattered  over  practically 
the  entire  Brillouin  zone. 

Figure  10  shows  how  the  calculated  ionization  rate 
converges  as  the  number  of  ionizations  is  increased. 
Because  of  the  limited  computer  time  it  has  not  been 
possible  to  take  averages  over  more  than  300  ioniza¬ 
tions.  However,  the  convergence  is  fairly  good  after 
10  ionizations.  From  this  figure  the  statistical  fluc¬ 
tuation  is  estimated  to  be  approximately  20%.  The 
problem  of  statistical  fluctuation  can  be  overcome  by 
repeating  the  simulation  only  for  the  high-energy 
tail.34  This  has  not  been  attempted  in  this  work. 

Figure  1 1  shows  the  average  electron  energy  as  a 
function  of  the  electric  field.  The  reason  for  the 
steeper  increase  beyond  100  kV/cm  is  not  under¬ 
stood,  but  may  be  related  to  the  band  structure.  Fig¬ 
ure  12  shows  the  electron  mean  free  path  as  a  func¬ 
tion  of  electric  field.  In  the  electric  field  range  where 
impact  ionization  occurs,  the  mean  free  gath  between 
phonon  scattering  ranges  from  50  to  30  A.  This  is  in 


FIG.  11.  Average  electron  energy  in  GaAj  as  a  function 
of  electron  field  calculated  by  the  Monte  Carlo  simulation. 


FIG  12.  Electron  mean  free  path  in  GaAs  as  a  function 
of  electric  field  calculated  by  the  Monte  Carlo  simulation 
(steady  state) 


agreement  with  previous  data3  35  and  the  convention¬ 
al  Monte  Carlo  calculation.10  The  reason  that  our 
calculation  agrees  in  this  respect  with  the  convention¬ 
al  interpretation  which  does  not  include  a  realistic 
band  structure  is  that  the  mean  free  path  is  mainly 
determined  by  the  average  electron  energy,  which  is 
still  small  enough  (—0.8  eV)  for  effective  mass  and 
nonparabolicity  corrections  to  be  sufficient  (at  least  in 
certain  k  directions). 

The  calculated  electric  field  dependence  of  the  elec¬ 
tron  drift  velocity  is  shown  in  Fig.  13.  The  broken 
curve  represents  the  experimental  data  by  Ruch  and 
Kino36  at  low  electric  field  (  <14  kWcm),  and  by 
Houston  and  Evans37  at  high  field  (—20-100 
kV/cm).  The  agreement  is  good  over  the  entire 
range  of  electric  fields  experimentally  investigated. 
The  result  using  Eq.  (11)  gives  much^ better  fit  than 
the  result  using  the  slopes  of  the  E(  k)  relation.  It  is 


FIG.  13.  Calculated  electron  drift  velocity  in  GaAs  at 
room  temperature  compared  with  the  experimental  data 
(Refs.  36  and  37),  The  calculated  values  are  from  the  slope 
of  the  £(k)  curve  (A)  or  from  Eq.  (11)  (o). 
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suspected  that  the  accumulation  of  numerical  errors 
in  the  slope  calculation  is  responsible  for  the 
discrepancy.  The  slight  deviations  between  theory 
and  experiment  at  higher  fields  are  believed  to  be 
mainly  due  to  the  pseudopotential  band  structure 
which  gives  the  satellite  valley  effective  masses  larger 
than  are  usually  assumed.  From  Fig.  13  it  can  also 
be  seen  that  the  calculations  describe  quantitatively 
the  Gunn  effect.  This  means  that  the  method  can 
simulate  polar  optical  scattering  as  well  as  intervalley 
scattering,  and  that  the  transition  from  polar  optical 
scattering  (low-energy  region)  to  intervalley  scatter¬ 
ing  (high-energy  region)  is  accomplished  smoothly. 

Figure  14  shows  the  calculated  electric  field  depen¬ 
dence  of  the  impact  ionization  rate  in  GaAs  for  three 
different  crystal  orientations.  We  have  assumed 
P  -400.  The  shaded  region  indicates  the  range 
covered  by  the  experimental  data  (Sec.  II).  The 
agreement  is  fair,  considering  the  uncertainty  in  the 
scattering  rate  at  higher  energies.  The  inclusion  of 
upper  bands  is  expected  to  increase  the  calculated 
ionization  rate  slightly,  and  therefore  to  improve  the 
fit  to  the  experimental  data.  Note,  however,  that  the 
calculation  shows  within  statistical  uncertainty 
(  ~20%)  no  orientation  dependence  for  the  ionization 
rate.  This  contradicts  previous  interpretations  of  the 
experimental  data  by  Pearsall  el  a/.1*  (Fig.  2). 

Another  way  to  calculate  the  orientation  dependence 
is  rotating  the  electric  field  direction  from  one  axis  to 
another.  The  result  is  shown  in  Fig.  15  for  an  elec¬ 
tric  field  of  400  kV/cm  when  the  field  is  rotated  from 
the  (110)  to  (111)  direction.  Again  we  do  not  see 


FIG.  14.  Calculated  impact  ionization  rate  of  an  electron 
in  GaAs  with  an  electric  field  in  three  crystallographic  direc¬ 
tions  as  a  function  of  a  reciprocal  field.  The  shaded  region 
indicates  the  range  of  available  experimental  data  tFig.  I) 
Within  statistical  uncertainty,  we  do  not  observe  any  orien¬ 
tation  dependence. 
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FIG.  15.  Calculated  impact  ionization  rate  of  an  electron 
with  an  electric  field  of  400  kV/cm  in  several  directions 
between  the  (110)  and  till)  directions. 


any  orientation  dependence  within  the  statistical  un¬ 
certainty.  A  solution  including  this  rotation  of  the 
electric  field  can  be  obtained  only  by  the  Monte  Carlo 
method.  The  effect  of  changing  the  value  of  P  has 
also  been  examined.  Varying  Pfrom  50  to  400  we 
have  obtained  practically  the  same  impact  ionization 
rate.  This  confirms  the  result  by  BarafF  and 
Chwang*  that  the  ionization  rate  is  insensitive  to  the 
ionization  probability  as  long  as  it  is  much  larger  than 
the  probability  of  phonon  scattering. 

For  a  better  understanding  of  how  the  electrons  ac¬ 
quire  the  high  energies,  and  how  impact  ionization  is 
actually  accomplished,  we  show  in  Figs.  16  and  17 
the  variation  of  electron  energy  after  each  scattering 
event  for  electric  fields  of  500  and  100  kV/cm. 
respectively.  In  the  case  of  500  kV/cm.  the  electron 
energy  stays  around  ■ — 0.7—1 .2  eV  most  of  the  time, 
but  the  electron  occasionally  escapes  phonon  scatter¬ 
ing  and  moves  up  to  higher  energies.  In  Fig.  16  we 
can  see  —4—5  spikes  which  reach  to  —1.8  eV.  When 
an  electron  reaches  2.0  eV,  it  causes  impact  ioniza¬ 
tion.  We  can  think  of  these  electrons  as  the  “lucky 
electrons”  in  Shockley’s  theory,  and  those  electrons 
around  the  average  energy  as  the  diffusing  (in  ener¬ 
gy)  electrons  in  WolfT s  theory.  However,  as  seen  in 
the  figure  this  classification  is  not  very  distinct.  Even 
those  electrons  in  the  spikes  suffer  several  scatterings 
before  they  reach  the  peak  energies.  Our  results, 
therefore,  contain  Shockley’s  and  Wolff's  notions  of 
ionizing  electrons  as  does  Baraffs  theory  (but  we 
have  much  more  general  conditions).  Using  Baraffs 
word.5  the  notion  of  ballistic  electrons  by  Shockley  and 
diffusing  electrons  by  Wolff  are  ’’complementary’’  in 
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NumSer  o*  Scatterings 


FIG.  16  Variation  of  electron  energy  after  each  scattering 
event  for  an  electric  field  of  500  kV/cm  obtained  with  a 
Monte  Carlo  simulation. 


determining  the  impact  ionization  rate.  This  is  due 
to  the  fact  that  the  height  of  spikes  (in  Fig.  16) 
depends  on  the  average  energy  of  electrons.  It  is  also 
important  to  note  the  difference  between  our  ionizing 
electrons  and  Shockley’s  “lucky”  electrons.  Shock¬ 
ley’s  "lucky"  electrons  start  from  zero  energy,  escape 
the  phonon  scattering  completely,  and  impact  ionize. 
The  ionizing  electrons  of  our  result  start  at  the  aver¬ 
age  energy  and  reach  ionization  threshold  after  a  few 
scattering  events.  This  explains  why  Shockley's 
theory  badly  underestimates  the  ionization  rate,  since 
he  neglected  electrons  which  are  scattered  at  inter¬ 
mediate  energy. 


Number  of  Scatterings 


FIG.  17,  Variation  of  electron  energy  after  each  scattering 
event  for  an  electric  field  of  100  kV/cm. 


VIII.  CONCLUSIONS 


A  Monte  Carlo  simulation  of  high-field  transport  in 
GaAs  employing  a  realistic  band  structure  has  been 
described.  The  method  has  been  used  to  study  the 
impact  ionization  mechanism  in  GaAs.  The  band 
structure  of  GaAs  has  been  calculated  using  the  em¬ 
pirical  pseudopotential  method.  Partly  due  to  lack  of 
information  and  partly  for  simplicity,  we  have  used 
simplifying  assumptions  for  the  phonon  scattering 
rates,  the  ionization  threshold  energy,  and  the  ioniza¬ 
tion  probability.  This,  however,  is  not  an  inherent 
limitation  of  the  method.  Unlike  previous  theories  of 
impact  ionization,  the  method  requires,  in  principle, 
no  adjustable  parameters  as  long  as  the  band  struc¬ 
ture  and  the  scattering  mechanism  are  known.  The 
method  has  provided  new  results  and  increased  the 
understanding  of  high-field  transport  and  impact  ioni¬ 
zation  in  GaAs.  The  calculated  drift  velocity,  the 
mean  free  path,  and  the  impact  ionization  rate  are  in 
fair  agreement  with  some  of  the  published  experi¬ 
mental  data.  The  inclusion  of  the  higher  conduction 
bands  is  expected  to  further  improve  the  fit.  We  do 
not  expect,  however,  to  obtain  the  anisotropy  meas¬ 
ured  by  Pearsall  et  at. 19  In  our  opinion  this  anisotro¬ 
py  is  not  a  consequence  of  the  band  structure,  but  is 
rather  caused  by  crystal  defects  or  other  effects  not 
yet  understood.  It  is  found  that  the  contribution  of 
ballistic  electrons  to  the  impact  ionization  rate  is 
negligibly  small.  Shockley's  theory,  therefore,  badly 
underestimates  the  ionization  rate.  We  have  con¬ 
firmed  that  the  impact  ionization  rate  is  rather  insen¬ 
sitive  to  the  ionization  probability  above  the  thresh¬ 
old  energy  as  long  as  the  probability  is  much  larger 
than  the  phonon  scattering  rate. 

Based  on  the  results  of  the  simulation,  a  general 
discussion  of  impact  ionization  has  been  given.  We 
find  that  typically  electrons  stay  around  an  average 
energy  and  experience  a  large  number  of  phonon 
scatterings.  Occasionally  electrons  escape  phonon 
scattering  and  move  up  to  higher  energy.  Some 
reach  ionization  threshold  after  a  few  scattering 
events.  This  feature  is  seen  in  Fig.  16.  It  can  be 
considered  as  a  combination  of  Wolff  s  and  Shock¬ 
ley's  notion  of  ionizing  electrons,  but  the  distinction 
is  rather  vague.  The  reason  for  the  success  of 
Baraffs  theory  is  that  his  theory  also  contains  this 
feature.  However,  because  of  his  formulation  using 
distribution  functions,  the  physical  picture  is  not  as 
clear  as  in  our  result  (Fig.  16).  Moreover,  our 
method  includes  realistic  scattering  mechanisms  and 
band  structure. 

Unlike  previous  theories  of  impact  ionization,  the 
present  method  can  in  principle  be  applied  to  any 
semiconductor.  The  method  can  be  used  for  both 
polar  and  nonpolar  materials.  This  is  obvious  from 
the  successful  simulation  of  the  Gunn  effect,  which 
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contains  the  transition  from  polar  optical  scattering  to 
intervalley  scattering.  The  calculation  of  hole- 
initiated  ionization  rates  should  also  be  possible, 
although  presently  our  understanding  of  hole  tran¬ 
sport  is  not  as  deep  as  electron  transport.  This  is  im¬ 
portant  for  the  understanding  of  the  operation  of 
photodetectors,  since  their  performance  depends  on 
the  ratio  of  electron-  and  hole-initiated  ionization 
rates.  It  should  be  understood  that  the  method  is 
quite  versatile  in  its  application.  A  transient  Monte 
Carlo  method  including  the  band  structure  may  be 
used  to  investigate  the  orientation  dependence  of  the 
avalanche  response  time.-’1  Finally  the  inclusion  of 


the  position  dependence  should  enable  us  to  study 
the  effect  of  the  “dark  space. 
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drive  current  for  a  constant  magnetic  field  and  the  results  are 
plotted  in  Fig.  4  The  50  Hz  oscillating  magnetic  field  was 
supplied  by  a  solenoid  0-29S  m  long  and  the  mean  field 
strength  was  3-93  mT  r.m.s.  The  detector  output  reached  a 
maximum  value  of  4-77  x  10" 3  r.m.s.  as  the  polarisation  ratio 
increased.  This  corresponds  to  a  Faraday  rotation  of  about 
0  14“  r.m.s.  Using  the  magnetic  field  parameters,  this  yields  a 
\alue  for  the  magneto-optic  Verdet  constant  of  2-58  x  10"  6 
rad  A " 1  at  830  nm  wavelength.  This  figure  is  in  excellent 
agreement  with  the  value  obtained  by  extrapolating  visible 
waveiength  data  using  the  reciprocal  square  wavelength 
dependence  of  the  Verdet  constant. 


Fig.  4  Graph  of  rm.s.  detector  output  against  current 


Conclusion:  The  polarisation  properties  of  single-mode 
double-heterostructure  stripe  lasers  make  them  suitable  light 
sources  for  optical-fibre  current  measurement  systems  and 
they  should  be  useful  in  any  optical  fibre  system  where  a 
linearly  polarised  light  source  is  required. 
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ORIENTATION  DEPENDENCE  OF  BALLISTIC 
ELECTRON  TRANSPORT  AND  IMPACT 
IONISATION  * 


Indexing  terms:  Charge  carriers.  Semiconductors 


The  orientation  dependence  of  ballistic  electron  transport  in 
GaAs  is  investigated  using  the  pseudopotential  band  struc¬ 
ture.  It  is  shown  that  a  single  scattering  event  can  permit 
electron  impact-ionisation  threshold  energies  to  be  reached  in 
the  <111  >  and  <100)  directions.  This  is  in  contrast  to  ballistic 
calculations,  where  simple  thresholds  do  not  exist  in  these 
directions. 


Ballistic  transport  of  carriers  is  important  for  the  understand¬ 
ing  of  impact  ionisation  in  semiconductors.  Shockley’s  theory 
of  impact  ionisation1  considers  those  electrons  which  have 
escaped  the  scattering  events  and  ballistically  reach  the  thresh¬ 
old  energy.  Recently,  Capasso  et  al.2  have  shown  that  ballistic 
motion  competes  with  inter-valley  scattering  in  determining 
electron  dynamics  in  GaAs.  Ballistic  transport  can  also  be 
utilised  in  low-power  high-speed  logic  devices.3  It  is  the  pur¬ 
pose  of  this  letter  to  present  the  results  of  detailed  calculations 
which  confirm  that  the  ballistic  motion  of  electrons  in  GaAs 
depends  sensitively  upon  the  crystallographic  direction  of  the 
electric  field.  However,  the  calculations  also  show  that  one 
phonon-scattering  event  is  sufficient  for  an  electron  to  reach 
the  threshold  energy  for  impact  ionisation  with  an  electric  field 
applied  in  the  <  1 1 1  >  direction,  even  though  there  is  no  thresh¬ 
old  state  for  ballistic  electron-initiated  impact  ionisation3  in 
this  crystalline  direction. 

The  ballistic  electron  behaviour  is  studied  by  solving  the 
equations  of  motion: 


(1) 


and 


»-*,£(*)  (2) 

where  F  is  the  applied  electric  field,  k  is  the  electron  wave 
vector,  E  is  the  electron  energy  and  v  is  the  group  velocity  of 
the  electron.  The  band  structure  £(k)  is  calculated  by  employ¬ 
ing  the  empirical  pseudopotential  method  of  Cohen  and 
Bergstresser.4  Eqns.  1  and  2  have  been  solved  in  successive  small 
time  intervals  with  the  initial  condition  k  =  0  at  t  =  0.  The 
field  F  is  assumed  to  be  constant,  i.e.  we  are  interested  only  in 
cases  where  a  few  ballistic  electrons  cause  the  impact 
ionisation. 
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Fig.  I  Variation  of  hallistw  ♦"/»  rtmn 


energy.eV 


chosen  i  o  be  >00  k  V  cm.  fig.  I  shows  the  electron  velocity  ras 
a  function  of  time.  The  orientation  dependence  of  ballistic  be¬ 
haviour  is  obvious  from  this  Figure.  The  highest  peak  velocity 


Fig.  2  l ariation  of  electron  energy  with  time  as  measured  from  the  con¬ 
duction  hand  edge 


Fig.  3 

a  1 1 101  section  of  the  lint  Brilloum  zone 

h  Wave  vector  trajectory  of  electron  in  this  plane  under  the 
influence  of  electric  field  in  \  1 1 1  >  direction.  Electron  is  scattered 
from  A  to  B.  Energy  change  in  the  scattering  process  has  been 
neglected 


time  as  measured  from  the  conduction-band  edge.  The  rate  of 
increase  is  largest  in  the  (100)  direction  and  smallest  in  the 
<111  >  direction.  Of  course,  ballistic  transport  must  compete 
with  the  scattering  processes.  The  dominant  scattering 
mechanism  for  electron  energies  greater  than  035  eV  is  inter¬ 
valley  scattering.  The  momentum  relaxation  time  for  this  scat¬ 
tering  process  is  about  2  x  10' 14  s.  Figs.  1  and  2  show  that, 
even  within  this  short  timespan,  the  effect  of  orientation  can  be 
considerable.  Ballistic  electron  transport  can  occur  on  longer 
time  scales,  but  only  with  decreasing  probability. 

The  orientation  trend  in  Figs.  1  and  2  agrees  with  exper¬ 
imental  results3  which  show  that,  in  GaAs,  the  electron  impact 
ionisation  rates  are  higher  in  the  <100)  and  the  <110>  direc¬ 
tion  than  in  the  <  1 1 1  >  direction.  The  distance  which  an  elec¬ 
tron  can  travel  in  2  x  10' 14  s  also  reflects  the  same  orientation 
dependence:  0-039  jim.  0-034  jim  and  0-031  jrm  in  the  <100>, 
<110>  and  <111>  direct  ions,  respectively,  for  an  electric  field  of 
500  kV/cm. 

In  the  <  1 1 1  >  direction,  the  electron  can  never  gain  sufficient 
energy  bailistically  for  impact  ionisation.  In  the  <100)  direc¬ 
tion,  the  impact-ionisation  threshold  can  be  reached  only  if 
electrons  tunnel  in  k -space  to  the  next  higher  band  --  0-2  eV 
above  the  principal  conduction  band.3  .As  a  result,  scattering 
events  become  crucial  for  the  occurrence  of  impact  ionisation 
in  these  directions.  Electrons  can  be  scattered  to  other  regions 
of  the  Brillouin  zone,  and  a  single  scattering  event  is  sufficient 
to  permit  the  electrons  to  reach  threshold  energy.  This 
mechanism  is  illustrated  in  Figs.  3  and  4.  An  electron  starts  at 
the  point  and  moves  along  the  <  1 1 1  >  direction.  At  point  A, 
(k  -  0-3v'3  it/a),  the  energy  is  at  the  maximum  for  this  direc¬ 
tion.  but  it  is  still  much  less  than  the  threshold  energy.  Sub¬ 
sequently.  the  electron  can  be  scattered  (e.g.  by  a  phonon  or 
impurity)  to  some  other  point  in  the  first  Brillouin  zone;  point 
B,  for  example.  Following  this  scattering  event,  the  <  1 1 1  >  com¬ 
ponent  of  the  electron  wave  vector  continues  to  increase. 
However,  the  wave  vector  points  in  a  direction  different  from 
<  1 1 1  >  such  that  the  electron  can  now  reach  a  higher  energy.  As 
shown  in  Fig.  4.  the  electron  can  actually  exceed  the  threshold 
for  impact  ionisation.  This  clearly  indicates  the  importance  of 
scattering  processes  to  impact  ionisation.  We  also  note  that 
since  Vt  E  is  not  always  in  the  direction  of  the  electric  field  for 
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Fif,  4  f'uriation  with  time  of  electron  energy  for  the  process  shown  in 
Fig.  t 
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the  path  starting  at  point  B.  the  electron  trajectory  in  real 
space  deviates  slightly  from  the  <111)  direction. 

In  the  <  100'-  direction,  the  threshold  state  is  separated  from 
the  principal  conduction  band  by  a  small  gap  ( -  02  eV).-' 
Pearsall  el  al.  argue  that  tunnelling  through  this  'pseudogap'  is 
responsible  for  the  impact  ionisation  in  this  direction.  Law  and 
Lee"  have  shown  that  this  tunnelling  time  is  of  the  order  of 
4  •  10" IJ  s  This  time  is  much  longer  than  the  inter-valley 
scattering  time  ('2  s  lO"14  s)  Therefore  electrons  have  a 
higher  probability  of  being  scattered  before  they  tunnel 
through  the  gap.  Using  these  characteristic  time  constants,  it  is 
possible  to  show  that  it  is  unlikely  that  tunnelling  contributes 
more  than  10a„  of  the  electrons  for  the  impact  ionisation  in 
this  direction.  Of  course,  all  the  above  arguments  apply  only 
near  the  threshold  of  impact  ionisation,  where  ballistic  elec¬ 
trons  determine  the  rate.  Far  above  the  threshold,  where  the 
iostropic  part  of  the  distribution  function  contributes  to 
impact  ionisation,  one  can  expect  only  slight  orientation 
dependence. 

In  conclusion,  we  have  discussed  the  importance  of  crystal¬ 
line  orientation  to  ballistic  electron  transport  and  to  the  elec¬ 
tron  impact-ionisation  rate  of  GaAs  using  the  empirical 
pseudopotential  band  structure.  We  have  also  illustrated  the 
significance  of  scattering  events  to  the  impact  ionisation.  More 
quantitative  calculations  using  Monte  Carlo  techniques  are  in 
progress. 
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NEAR-FIELD  DISTRIBUTIONS  IN 
SELECTIVELY  EXCITED  ELLIPTICAL 
OPTICAL  FIBRES 

Indexing  terms:  Optical  Jihres.  Wave  propagation 


Short  (1-400  m)  multimode  fibres  were  excited  by  a  single¬ 
mode  fibre.  The  resulting  near-field  intensity  distributions  are 
generally  not  circularly  symmetric.  A  calculation  based  on  ray 
optics  shows  that  slightly  elliptical  fibres  give  similar  distribu¬ 
tions.  This  calculation  assumes  a  central  index-profile  dip. 

Introduction:  Recently  the  nature  of  ray  propagation  in  ellipti¬ 
cal  fibres  has  been  investigated  by  several  authors.1  •  in  parti¬ 
cular.  Ankiew.cz  has  plotted  diagrams  depicting  the  paths  of 
representative  rays  in  elliptical  fibres.  In  this  letter,  we  will 
extend  these  results  to  profiles  containing  a  central  index  dip 
and  show  that  they  can  be  verified  experimentally. 

Apparatus:  Light  from  a  d.h.  laser  operated  below  threshold  is 
collimated  through  a  half-metre  length  of  a  single-mode  fibre 
with  a  core  radius  of  5  gm  and  an  n.a.  of  004.  The  emerging 
beam  is  then  coupled  to  a  multimode  fibre,  typically  of  core 
diameter  50  /in'  and  n.a.  =  0-2.  The  resulting  near-field  distrib¬ 
ution  is  focused  onto  a  100  x  iOOcc.d.  photodiode  matrix  and 
displayed  on  an  oscilloscope. 


Results:  Figs.  1  and  2  are  near-field  patterns  produced  by  a 
typical  nearly  parabolic  c.v.d.  fibre  with  a  1-2  /tm  central  index 
dip  and  an  ellipticity  (defined  as  the  ratio  of  the  major  to  the 
minor  axis)  of  the  order  of  101.  Fig.  1  shows  the  near-field 
distribution  of  a  1  m  fibre  sample  excited  near  the  edge  of  us 
core  and  along  one  of  its  principal  axes.  Fig.  2  is  produced  by  a 
40  m  length  of  the  same  fibre  excited  near  the  edge  of  the  core 
and  at  an  angle  of  45’  with  the  major  axis.  If  we  excite  other 


Fig.  2  As  in  Fig.  I ;  excitation  equidistant  from  axis 


IMPACT  IONISATION  IN  MULTILAYERED 
HETEROJUNCTION  STRUCTURES 

Indexing  terms:  Ionisation.  Photoelectric  devices.  Semiconduc¬ 
tors.  Charge  carriers 

Calculations  are  reported  showing  that  in  multilayered  heter- 
ojunction  structures  the  effective  impact  ionisation  rates  for 
electrons  and  hole  can  be  very  different,  even  if  they  are  the 
same  m  the  basic  bulk  materials.  The  reason  for  this  is  the 
difference  in  the  band-edge  discontinuities  for  electrons  and 
holes  and  the  lower  phonon  mean  free  path  for  holes  in  quan¬ 
tum  well  structures. 

As  is  well  known,  the  signal/noise  ratio  of  an  avalanche  photo¬ 
diode  (a.p.d.)  is  influenced  by  the  statistics  of  the  gain  process, 
and.  because  of  feedback  effects,  significantly  more  noise  is 
generated  when  both  electrons  and  holes  produce  secondary 
pairs. '  For  lowest  excess  noise  in  a.p.ds  it  is  desirable  to  have  a 
material  in  which  the  ionisation  rates  for  electrons  at  and  for 
holes  jl  are  significantly  different,  and  in  addition  to  have  a 
device  structure  which  results  in  injection  of  the  carrier  with 
the  highest  ionisation  rate  into  the  multiplication  region.2  For 
detection  at  various  wavelengths  it  is  useful  to  use  HI— V  com¬ 
pounds  and  ternary  and  quaternary  alloys  of  these  compounds 
in  which  the  bandgap  is  only  slightly  smaller  than  the  energy  of 
the  photons  to  be  detected.  Unfortunately,  preliminary 
measurements  of  a  and  /?  seem  to  indicate  that  in  most  of  these 
materials  the  electron  and  hole  impact  ionisation  rates  are 
nearly  equal.  It  is  the  purpose  of  this  letter  to  show  that  two 
effects  specific  to  multiheterostructure  quantum  layers  may  be 
useful  in  the  construction  of  low  noise  a.p.d.s  from  materials  in 
which  a  and  0  are  approximately  equal. 

The  basic  physical  ideas  are  as  follows: 

(i)  The  impact  ionisation  rate  depends  exponentially  on  the 
impact  ionisation  threshold  and  on  the  energy  from  which  the 
electron  (hole)  starts  to  be  accelerated.  Therefore  a  step-like 
band  structure  as  shown  in  Fig.  I,  where  the  discontinuity  in 
the  conduction  band  is  greater  than  that  in  the  valence  band, 
will  enhance  the  ionisation  rate  for  electrons.  This  can  easily  be 
seen  by  subtracting  (adding)  the  conduction  band-edge  step  to 
the  ionisation  threshold  in  the  Baraff  theory  3  A  rigorous 
justification  for  this  procedure  can  only  be  given  for  special 
cases,  because  in  general  the  effect  of  the  band-edge  step  on  the 
ionisation  rate  will  depend  on  the  energy  which  the  electron 


Fig.  1  Basic  structure  of  a.pj.  with  quantum  well  layers 
a  Shaded  rations.  Ga As:  unshaded  rations  Al  Cm  A« 


already  has  when  it  approaches  the  junction. 

(ii)  As  shown  by  Holonyak  and  co-workers,4-3  the  scattering 
rate  in  quantum  wells  is  different  to  that  in  the  bulk  and,  at  low 
energies  at  least,  holes  are  scattered  more  often  and  thus  are 
collected  more  effectively  in  the  quantum  wells.  An  analysis  of 
this  effect  is  difficult  because  it  must  include  the  reflection  and 
transmission  through  the  (nonideal)  heterojunction.  However, 
inserting  different  mean  free  paths  in  the  BarafT  theory  shows 
immediately  that  this  effect  can  strongly  change  the  a/ jj  ratio  if 
it  prevails  up  to  the  energy  of  the  impact  ionisation  threshold. 

The  following  estimates  are  based  on  a  structure  appropriate 
for  GaAs-Al.Ga,  ..As  layers  with  the  material  constants  ad¬ 
justed  to  give  ij$  when  inserted  in  the  Baraff  theory  for  bulk 
material  A  polynomial  fit  to  the  Baraff  theory  is  used  in  the 
calculations.3  The  values  of  the  material  constants  are  listed  in 
Table  1. 

The  p*-n  junction  is  assumed  to  be  steplike  with  uniform 
doping  densities  on  each  side.  The  electric  field  accelerating  the 
electrons  and  causing  impact  ionisation  has  three  sources:  the 
external  voltage,  the  built-in  voltage  and  the  band-edge  step  of 
the  heterojunction.  The  first  two  are  taken  into  account  in  the 
usual  way  by  inserting  space  dependent  electric  fields  in  the 
Baraff  theory.  As  mentioned  above,  the  band-edge  discontinu¬ 
ity  has  to  be  treated  in  a  different  way  because  the  band-edge 
energy  changes  over  a  distance  which  is  much  shorter  than 
the  mean  free  path  between  collisions.  To  assess  the  effect  of 
the  band-edge  step  on  the  ionisation  rate,  consider  an  electron 
that  travels  from  one  AI,Ga,  _„As  layer  into  a  GaAs  layer. 


Table  1  MATERIAL  CONSTANTS 


£, 

k 

d 

A£ 

Electron 

2-0  eV 

50  A 

150  A 

0-6  eV 

Hole 

1-5  eV 

40  A 

150  A 

0-106  eV 

E,  «• Threshold  ionisation  energy  (Averaged  in  dilferent  * 
directions;2  /  -  optical  phonon  mean  free  path;  d  >»  impact  ioni¬ 
sation  mean  free  path;  AE  -  band-edge  discontinuity  (A£t  for 
conduction  band.  AEr  for  valence  band) 

When  it  arrives  in  the  GaAs  it  ‘sees'  not  only  the  smaller 
bandgap  of  the  GaAs,  but  it  also  starts  at  an  energy  A£(  (con¬ 
duction  band  edge  step)  above  the  GaAs  band  edge.  To  include 
this  effect,  we  deduct  the  ‘excess'  energy  StE,  from  the  GaAs 
impact  ionisation  threshold  within  a  distance  from  the  discon¬ 
tinuity  equal  to  the  impact  ionisation  mean  free  path.  This 
process  increases  x  much  more  than  /}  since,  when  the  same 
procedure  is  followed  for  holes,  the  valence  band  edge  step  A£, 
is  much  smaller.4-5 

The  thickness  of  the  layers  should  be  chosen  so  that  after  an 
electron  impact  ionises  in  the  GaAs  layer  it  can  gain  sufficient 
energy  in  this  layer  to  get  out  of  the  well,  and  after  the  electron 


number  of  wells  BUBI 


Pta  ^  tsnrtt sec f  utimHwe  rtf  uie/fr  fnw  #v»#r»»e»/  nf  lAfl 


enters  the  AlxGa,  _xAs  layer  with  small  kinetic  energy,  it  gains 
the  effective  threshold  energy  £,(G«As)  -  <i£t  before  arriving 
at  the  next  GaAs  layer.  £,(GaAs)  is  the  impact  ionisation  thre¬ 
shold  for  bulk  GaAs.  Note  that  the  values  of  the  layer  width  xs 
vary  for  different  design  parameters,  i.e.,  doping  concentration 
SD.  the  applied  voltage  and  the  position  within  the  structure. 
However,  the  calculated  value  of  the  thickness  is  always  close 
to  300  A  for  GaAs  layers,  and  500  A  for  the  Al,Ga,  _  ,As  layer. 

The  above  procedure  gives  immediately  the  3/0  ratio  at  a 
particular  location  in  the  layers.  The  value  of  3/0  relevant  to 
the  multiplication  factor  in  an  a.p.d.  is  given  by  the  spatial 
average  over  the  whole  structure.  Our  results  for  the  average 
effective  x/ff  ratio  are  shown  in  Fig.  2.  As  can  be  seen  the  enhan¬ 
cement  of  the  3/0  ratio  is  substantial  especially  for  low  values 
of  the  donor  density  S0-  The  multiplication  factor  is  in  an 
interesting  range  (i.e..  of  the  order  of  10  or  larger)  only  for  the 
two  highest  doping  concentrations  shown  in  Fig.  2.  The 
reasons  for  this  are  outlined  below. 

The  second  effect  which  enhances  3/0,  the  higher  phonon 
scattering  rate  of  holes  in  the  heterojunction  structures,  has  not 
been  included  in  the  results  of  Fig.  2  It  is  clear  that  this  effect 
once  more  increases  a/0.  In  fact  the  mean  free  path  for  phonon 
scattering  enters  more  sensitively  in  the  impact  ionisation  rate 


Fit  3  As  Fig.  2  but  with  reduced  optical  phonon  mean  fret  path  for  holts 
(10  A  instead  of  40  Jk) 


than  the  ionisation  threshold.  The  amount  of  the  reduction  of 
mean  free  path  is  not  known  exactly,  as  the  results  of  Hol- 
onyak  and  co-workers  apply  only  for  electrons  with  rather  low 
energy.  We  therefore  have  changed  the  hole  mean  free  path 


rather  arbitrarily  from  40  A  to  30  A  in  the  GaAs  quantum  wells 
to  demonstrate  the  effect.  The  result  for  the  average  o/0  ratio  is 
shown  in  Fig.  3,  once  more  against  the  number  of  wells. 

From  the  above  discussion  it  is  clear  that  the  3/0  ratio 
depends  sensitively  on  the  structure  and  doping  concentration. 
This  is  due  to  the  fact  that  i  is  considerably  larger  than  0  only 
for  electric  fields  £  <  10*  V/crn.  Therefore,  if  we  choose  to 
increase  the  multiplication  factor,  we  automatically  reduce  the 
a/0  ratio.  Nevertheless,  the  above  analysis  shows  that  even  for 
multiplication  factors  above  10  the  3/0  ratio  can  be  substan¬ 
tially  enhanced  in  quantum  well  structures,  especially  because 
of  the  second  enhancement  effect,  the  reduction  of  the  phonon 
mean  free  path.  Finally  we  would  like  to  note  that  fluctuating 
fields  associated  with  compositional  disorder  in  ternaries  and 
quaternaries  have  an  effect  similar  to  the  band-edge  discontin¬ 
uity  at  the  heterojunction  and  can  increase  (decrease)  the  3/0 
ratio.  Work  is  in  progress  on  these  effects  and  will  be  reported 
later. 
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Laser  data  (77  and  300  K)  are  presented  on  two  photopumped  undoped  metalorganic  chemically 
vapor-deposited  Al.Ga,  As-GaAs  heterostructures  with  active  regions  consisting  of:  (i)  a 
thick  GaAs  layer  (Ltl  —  1500  A)  coupled  to  an  auxiliary  quantum-well  array  of  seven  small  Ltl 
—  50  A  coupled  GaAs  layers,  and  (ii)  a  comparison  single  thick  GaAs  layer  (L,  —600  A)  in  the 
form  of  a  conventional  double  heterostructure  (DH).  Because  of  the  strengthening  of  phonon- 
assisted  recombination  with  temperature,  laser  operation  of  the  bulk  ( L ,  2  500  A)  GaAs  layers  is 
shifted  from  fuo  —  Et  at  77  K  to  £„  —  fico  t  Q<  ftco  <  Eg  at  room  temperature.  This  behavior  of  the 
bulk  DH  GaAs  layers  agrees  with  that  of  the  reference  recombination  radiation  observed  from  the 
auxiliary  quantum-well  array  (wafer  #  1),  which  recent  work  indicates  is  phonon  assisted. 

PACS  numbers:  42.55.Px,  78.55.Ds,  81.15.Gh,  85.60.Jb 


Recent  work  has  shown  that  phonon  involvement  in  the 
laser  operation  of  quantum-well  heterostructure  (QWH)  la¬ 
sers  is  readily  observed1-4  and,  in  fact,  should  be  expected.3  6 
It  is  even  possible  to  induce  phonon-sideband  laser  operation 
of  a  single  larger  quantum  well  with  a  phonon  generating 
array  (a  phonon  resonator)  of  smaller  quantum  wells.7  In 
contrast,  phonon-sideband  laser  operation  of  a  standard 
double  heterostructure  (DH),  i.e.,  a  DH  of  active-region 
thickness  Lz  2  500  A  and  here  assumed  (as  is  common) 
lightly  doped  or  undoped  (  <  I0l7/cm3),  has  not  been  identi¬ 
fied  even  though  laser  operation  of  an  undoped  DH  GaAs 
active  region  is  commonly  observed  30-35  meV  below  the 
band  gap  Et.*9  It  is  not  uncommon  in  such  a  case  to  propose 
some  sort  of  model  involving  unexplained  impurities,9 
which,  if  acceptors,  would  have  to  exceed  a  density  of 
10l7/cm3  to  have  much  validity.10  In  this  letter  we  describe 
experiments  indicating  that  for  standard  DH  lasers,  with 
undoped  active  regions  (nd  —  naS  lO'Vcrn3),  it  is  also 
phonon  participation  that  accounts  for  the  laser  operation  at 
reduced  energy  (fvo  <  £f ).  The  effect  of  phonons  is  observed 
by  coupling  a  quantum-well  phonon  generating  and  reflect¬ 
ing  array  of  seven  coupled  50-A  GaAs  wells  to  a  bulk  DH 
GaAs  active  region  ( Lt  —  1 500  A),4  and  by  comparing  the 
shift  with  temperature  of  the  recombination  radiation  of  the 
bulk  GaAs  and  the  phonon-sideband  marker  radiation  of  the 
small-well  array.  At  300  K  the  recombination  radiation  is 
shifted  by  —  fuoLO . 

The  two  Al,  Ga,  _ ,  As-GaAs  heterostructures  con¬ 
structed  for  this  work  are  grown  by  metalorganic  chemical 
vapor  deposition  (MO-CVD).1 1-13  A  GaAs  buffer  layer  is 
grown  first  on  a  1 100)  GaAs  substrate  and  is  followed  by  a 
—  l-/zm-thick  Al.Ga,  _,As  (x— 0.36) confining  layer,  then 
the  active  region,  and  finally  another  confining  layer 
(x-0.36)  of  thickness  —0.3  pm.  The  active  region  of  the 
first  wafer  consists  of  a  1 500- A  (bulk)  GaAs  layer  coupled  to 


an  array  of  seven  small  GaAs  quantum  wells  ( L ,  —  50  A) 
which  are  in  turn  coupled  by  —  50-A  Al,  Ga,  _  ,  As 
(x— 0.32)  barrier  layers.  The  second  wafer  is  similar  to  the 
first  except  for  the  active  region,  which  is  a  single  GaAs  layer 
of  thickness  Lz  —  600  A.  To  eliminate  the  possibility  of  band- 
to-impurity  laser  transitions,  all  layers  in  the  wafers  are 
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FIG.  1.  Pulsed  laser  operation  (4.8  x  10*  W/cm:,  77  K)of  a  photopumped 
undoped  (tty  —  n,  S  lO'Vctn’)  MO-CVD  Al.Ga,  ,  As-GaAs  multiple- 
quantum-well  heterostructure.  The  sample  is  23  x  390/smJ  in  size  and  has 
an  active  region  (confined  between  —  I  and  ~0.3yjm  x—0.36 
AI.Ga,  ,  As  layers)  consisting  of  one  bulk  £.,  -  1 300- A  GaAs  layer  and 
seven  thin  Ltl  —  50-A  GaAs  layers,  all  coupled  by  50-A-thick  Al,  Ga,  ,  As 
(x— 0.32)  barriers.  At  low  temperature  laser  operation  is  observed  on  and 
slightly  above  the  GaAs  band  edge  (band-to-band  transitions.  ).  A 

spontaneous  emission  reference  peak  is  also  observed  ( x  10  inset)  near  and 
on  the  broadened  n  -  I  electron-to-heavy-hole  transitions  of  the  auxiliary 
quantum-well  array  (seven  coupled  50-A  GaAs  layers). 
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FIG.  2.  Room-temperature  laser  operation  (3.6  x  Iff"  W/cm!)  of  the  same 
umioped  quantum-well  heterostructure  as  that  of  Fig.  1 .  The  cleaved  rec¬ 
tangular  sample  (43  x  94  /rm:)  is  heat  sunk  in  annealed  copper  under  a 
diamond  window  and  pulse  excited  to  avoid  heating  effects.  The  laser 
modes  of  the  bulk  GaAs  layer  (£.„  —  1 500  A)  and  the  spontaneous  reference 
peak  ( x  5  inset)  of  the  small  (Lsl  —  50  A)  quantum-well  array  are  shifted 
down  o  in  energy  i  dative  to  E,  (GaAs)  and  relative  to  the  n  =  1  elec- 
tron-io-heavy-hole  and  n'  =  T  electron-to-light-hoie  transitions  as  shown 
by  the  "LO"  markers. 


grown  undoped  ( nd  —naS  10' Vcm3).  The  GaAs  substrate 
is  removed  by  polishing  and  selective  etching;  the  remaining 
~  1  4-/um-thick  wafer  is  cleaved  into  samples  of  dimensions 
~  50  X  — 150  /urn  (average)  which  are  heat  sunk  and  then 
photoexcited  with  an  Ar  +  laser  (A  ~  5 145  A)  focused  to  a 
circular  spot  with  a  diameter  comparable  to  the  sample 
width.6 

The  77-K.  emission  spectrum  of  a  rectangular  sample 
cleaved  from  the  first  wafer  is  shown  in  Fig.  1.  Two  features 
are  apparent:  (i)  Laser  operation  occurs  on  or  somewhat 
above  (high  excitation,  4.8  X 104  W/cm2)  the  band  edge  En  of 
the  bulk  GaAs  layer  ( L ,  — 1500  A),  (ii)  At  much  shorter 
wavelength  a  small  emission  bump,  which  serves  as  a  refer¬ 
ence,  is  located  very  close  to  the  broadened  n  =  1  electron- 
to-heavy-hole  transitions  (dark  marker)  of  the  seven  coupled 
50-A  GaAs  quantum  wells.  The  two  “LO"  markers  show 
where  this  bump  would  be  located  if,  as  hot  carriers  therma- 
lize,  much  phonon  generation  occurred  in  the  coupled  50-A 
quantum  wells,  as  is  indeed  the  case  when  this  section  is  a 
bigger  fraction  of  the  active  region  ( >  0.5).7 

The  behavior  of  this  material  (wafer  #  1)  changes  radi¬ 
cally  at  300  K  (Fig.  2).  The  laser  emission  shifts  to  well  below 
the  band  edge,  E,  —  fkuLO  <fitu  <  Et.  This  agrees  with  the 
shift  of  the  reference  emission  bump  one  phonon.  ftuLO,  be¬ 
low  then  =  l  electron-to-heavy-hole  or  then'  =  l'electron- 
to-light-hole  transitions  of  the  auxiliary  quantum-well  ar¬ 
ray.  The  quantum-well  transitions  are  expected  to  be 
phonon  assisted17  but.  as  discussed  below,  are  not  very  tem¬ 
perature  sensitive  nor  in  the  present  case  very  heavily  ex¬ 
cited.  Thus,  if  the  emission  of  the  quantum-well  array  shifts 


with  temperature,  the  emission  of  the  bulk  GaAs  layer  is 
certain  to  shift,  provided  phonon-assisted  recombination 
governs  its  behavior. 

The  behavior  of  the  second  wafer,  which  is  near  the 
boundary  in  size  between  bulk  and  quantum-well  dimen¬ 
sions,  is  shown  in  Fig.  3.  For  the  600- A  active  region,  and  no 
auxiliary  quantum-well  array,  the  emission  is  free  of  the  ref¬ 
erence  emission  bump  and  is  peaked  (a,  spontaneous  emis¬ 
sion,  103  W/cm2, 300  K)  well  above  the  band  edge,  or  in  the 
region  of  the  n  =  3  or  4  electron-to-heavy-hole  transitions  if 
they  could  be  identified.  At  high  excitation  levels,  as  here, 
band  filling  easily  reaches  into  this  region.  Laser  operation  at 
higher  excitation  (b,  4.7  X 104  W/cm2)  occurs  about  one 
phonon  below  “transition”  n  =  3  (here  inserted  simply  as  a 
reference),  which  is  well  below  Et .  At  77  K  the  laser  oper¬ 
ation  (c,  2.5  X 104  W/cm2,  i.e.,  comparable  excitation  level) 
occurs  distinctly  on  the  band  edge,  which  indicates  that  im¬ 
purities  are  not  important  in  the  recombination  process  nor 
carrier-induced  band-gap  shrinkage.6 

It  is  interesting  to  note  that  the  physical  structure  of  a 
DH  laser  is  important  in  respect  to  the  phonon  contribution 
to  its  operation.  First,  the  major  discontinuity  in  energy  gap 
from  the  Al,  Ga,  _  x  As  confining  layers  to  the  GaAs  active 
region  requires  many  LO  phonons  to  be  emitted  in  the  pro¬ 
cess  of  carrier  injection  (“hot"  carriers)  and  carrier  ther- 
malization.  Also,  the  LO  phonons  are  expected,  because  of 
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FIG.  3.  Emission  spectra  of  a  photopumped  undoped  Al.Ga,  _ ,  As-GaAs 
DH  platelet  (70  X  94  fim3)  with  a  600- A-thick  GaAs  active  region  confined 
between  —  1  and  -0.3yim*- 0.36  Al.Ga,  _ ,  As  layers-  At  room  tempera¬ 
ture  the  spontaneous  emission  at  high  excitation  (a.  101  W/ cm  )  exhibits  a 
broad  peak  near  the  n  =  3  or  4  electron-to-heavy-hole  transitions.  Laser 
operation  (b,  4.7 x  I04  W/cm!)  occurs  approximately  one  phonon.  fio», 
belowthen  «  3  or  4  peak,  which  is  well  below  £,(300).  At  77K(c.  2.5  <  10* 
W/cm:)  laser  operation  of  another  sample  ( 1 1 7  x  164  um  •')  occurs  distinct¬ 
ly  on  Et  (77),  which  rules  out  as  important  transitions  involving  impurities 
or  earner-induced  band-gap  shrinkage. 
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the  Al.Ga,  _ ,  As-GaAs  interfaces,  to  be  restricted  to  some 
extent  to  the  voiume  of  the  active  region.6  That  the  phonons 
are  generated  in  such  large  numbers  and  are  partially  con¬ 
fined  to  such  a  small  volume  increases  the  probability  of  an 
electron-LO-phonon  interaction  and  phonon  assistance  in 
recombination.  Thus  iarge-dimension  GaAs  (;>  1  ,um),  not  to 
mention  the  case  without  confining  heterobarriers,  when 
photoexcited  a  few  kT  within  the  energy  gap  has  no  basis  to 
operate  as  a  laser  on  an  LO-phonon  sideband.  '*  In  fact,  the 
results  of  Ref.  14  offer  further  data  in  support  of  the  mecha¬ 
nism  elucidated  here. 

As  mentioned  above,  in  a  “two-dimensional”  well  (L. 
S  200  A)  the  phonon  emission  process  is  expected  to  depend 
only  weakly  on  temperature.  There  are  two  reasons  for  this: 
(i)  The  phonon  occupation  number  IV q  is  expected  to  be  at 
least  10 X  higher  than  the  thermal  equilibrium  value  forcer- 
tain  ranges  of  the  wave  vector  q  even  at  300  K.  (ii)  Two- 
dimensional  screening  of  the  phonon  emission  process  is  less 
significant  than  the  screening  in  three  dimensions  since  the 
screening  constant  has  a  limiting  value  of2/us,15  where  aa  is 
the  effective  Bohr  radius  and  is  independent  of  temperature. 

In  a  three-dimensional  (bulk)  region,  on  the  other  hand, 
the  perturbation  of  iV,  is  estimated  to  be  weaker,  and  the 
thermal  occupation  adds  significantly  to  any  “stimulated 
term,”  which  is  proportional  to  =  N'*  +  N  where  N'* 

is  the  thermal  occupation  and  N  is  the  additionally  gener¬ 
ated  phonon  occupation  number.  In  addition,  the  phonon 
emission  probability  in  three  dimensions  is  large  only  for 
very  small  values  of  |q|.16  Therefore  screening  of  the  elec¬ 
tron-phonon  interaction  is  already  of  high  importance  at 
rather  low  carrier  concentrations.  Also,  the  classical  screen¬ 
ing  length  exhibits  a  significant  temperature  dependence.  In 
any  case,  temperature  is  expected  and  is  observed  to  play  a 
major  role.  It  is  difficult,  however,  to  calculate  explicit  ex¬ 
pressions  for  the  above  effects  because  the  energy  distribu¬ 
tion  of  the  carriers  is  not  known. 

In  summary,  the  data  and  arguments  above  indicate 
that  phonon-assisted  recombination  (300  K)  is  mainly  re¬ 
sponsible  for  lowering  the  emission  energy  of  a  DH  laser 
(lightly  doped  or  undoped  active  region)  to  the  range 


fuo<Et.  This  conclusion  is  consistent  with  the  high  excita¬ 
tion  level  ( —  10'  A/cm2)  typical  of  DH  laser  operation, 
which  provides  a  basis  for  large-phonon  generation. 
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Ultrasensitive  detection  of  aromatic  hydrocarbons  by  two-photon 
photoionization 

Charles  Klimcak  and  John  Wessel 

hart  A.  Getting  Laboratories.  The  Aerospace  Corporation.  Los  Angeles.  California  90009 

(Received  17  March  1980;  accepted  for  publication  5  May  1980) 

An  optimized  multiphoton  photoionization  detection  system  has  been  applied  to  monitor 
aromatic-hydrocarbon  vapor  density  as  a  function  of  temperature.  The  density  curves  established 
for  naphthalene  by  this  procedure  permit  estimation  of  a  detection  limit  of  5  X 10*  molecules/cm2 
in  a  nitrogen  buffer  gas.  With  slight  modification  this  method  woud  be  capable  of  single-molecule 
detection  limits. 

PACS  numbers:  33.80.Kn,  06.70.Dn,  82.80.Di,  64.70.Hz 

Recently  several  research  groups  have  achieved  detec-  and  fluorescence-based  techniques.'"5  Attainment  of  molec- 
tion  limits  in  the  single-atom  regime  using  photoionization-  ular  detection  at  densities  approaching  this  limit  is  of  consid- 
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Phonon  contribution  to  metalorganic  chemical  vapor  deposited  Al, 
Ga1  _xAs-GaAs  quantum-well  heterostructure  laser  operation 

B.  A.  Vojak,  N.  Holonyak,  Jr.,  and  W.  D.  Laidig 

Department  of  Electrical  Engineering  and  Materials  Research  Laboratory.  University  of  Illinois  at  Urbana- 
Champaign.  Urbana.  Illinois  61801 

K.  Hess 

Department  of  Electrical  Engineering  and  Coordinated  Science  Laboratory.  University  of  Illinois  at  Urbana- 
Champaign.  Urbana.  Illinois  61801 
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Rockwell  International.  Electronics  Research  Center.  Anaheim.  California  92803 
(Received  16  July  1980;  accepted  for  publication  29  October  1980) 

A  series  of  experiments  have  been  conducted  to  determine  the  extent  of  longitudinal  optical  (LO) 
phonon  contribution  to  quantum-well-heterostructure  (QWH)  laser  opertion.  Extensive  data  are 
presented  on  metalorganic  chemical  vapor  deposited  (MO-CVD)  Al,Ga,  As-GaAsQWH’s 
with  active  regions  consisting  of  larger  quantum  wells,  or  in  some  cases  bulk  layers  (Lr  >  500  A), 
coupled  to  phonon-generating  and  -reflecting  arrays  of  coupled  smaller  quantum  wells.  Because 
of  the  electronic  and  vibrational  coupling  of  the  single  larger  layer  to  the  array,  the  spontaneous 
emission  and  laser  emission  from  these  structures  differ  from  that  of  QWH’s  containing  either  a 
single  well  or  a  multilayer  of  uniform  well  thickness.  In  fact,  phonon  sideband  laser  operation  of 
the  larger  GaAs  layer  can  be  induced  at  fico~Eg-1uoLO  (undoped  layers,  nd  —  na  S  1013  /cm3).  An 
increase  in  either  the  thermal  or  nonthermal  phonon  occupation  number  is  shown  to  cause 
phonon  sideband  laser  operation  in  a  QWH.  A  guide  to  the  design  of  the  multilayer  array  also  is 
presented. 

PACS  numbers:  78.50.Ge,  78.45.  +  h,  63.20.-e,  81.15.Gh 


I.  INTRODUCTION 

Until  quite  recently,  the  design  of  III-V  semiconductor 
lasers  has  involved  the  optimization  of  carrier,  current,  and 
electromagnetic  field  confinement  in  some  form  of  stripe- 
configuration  double-heterostructure  laser.  As  the  carriers 
are  better  confined,  however,  so  also  to  some  extent  are  the 
longitudinal  optical  (LO)  phonons  that  are  emitted  during 
the  process  of  carrier  energy  relaxation  from  the  wider-ener- 
gy-gap  confining  layers  linjecting  layers)  to  the  narrower- 
gap  active  region.  The  role  that  phonons  might  play  in  dou¬ 
ble-heterojunction  (DH)  and  quantum-well-heterostructure 
|QWH)  lasers  has  been  poorly  understood  in  spite  of  the  fact 
that  large  phonon  densities  are  likely  to  exist  in  the  active 
region  at  threshold,  which  is  typically  high  |/~  103  A/cm:). 
For  example,  in  an  AI,Ga,  _ ,  As-GaAs(*~0.4,  T  =  300  K) 
DH  laser  approximately  [^(AlGaAs)  —  E^GaAs)]//^,, 
=  (1.923-1.424)/0.036=:  14  LO  phonons  are  emitted  for 
each  electron-hole  pair  injected  into  the  active  region.  That 
LO  phonons  do  modify  laser  action  has  been  shown  in  the 
phonon-sideband  operation  of  AlGaAs-GaAs,'  *  InGaPAs- 
InP,J  and  InGaPAs-GaAsP,3  quantum-well  heterostruc¬ 
tures.  All  of  these  are  III-V  semiconductor  compounds  in 
which,  unlike  II-VI  compounds,  phonon  participation  in  la¬ 
ser  operation  has  not  previously  been  identified.  This  has 
been  more  or  less  expected  because  the  electron-LO  phonon 
coupling  is  inherently  relatively  weak  in  comparison  with  II- 
VI  compounds. 

The  relevant  recombination  and  LO  phonon  scattering 
processes  for  undoped  GaAs  in  the  bulk  and  quantum-well 


cases  are  illustrated  in  the  density  of  states  versus  energy 
diagram  of  Fig.  1.  As  electronic  carriers  are  confined  to  a 
thin-lower-energy-gap  semiconductor  layer  between  two 
wider-gap  layers,  the  single-particle  energy  spectrum  takes 
on  a  particle-in-a-box  character  in  the  dimension  in  which 


FIG.  1 .  Density  of  stales  dia¬ 
grams  for  electrons,  heavy 
holes,  and  light  holes.  The  step¬ 
like  cumulative  density  of 
slates  g( E I  characteristic  of 
quantum-well  heterostructures 
is  contrasted  with  the  density 
of  states  of  bulk  material 
Idashed  curves!.  The  smaller 
curved  arrows  indicate  elec¬ 
tron  energy  loss  (in  units  of 
Aii,  „ )  via  electron-LO-phonon 
scattering.  The  arrows  labeled 
I  and  I’  represent  the  recombi¬ 
nation  of  an  electron  in  the 
n  =  I  confined-particle  slate 
with  a  heavy  hole  (n  =  1 1  and  a 
light  hole |n'  »»  l'|,  respective¬ 
ly.  Light-to  heavy-hole  relax¬ 
ation  is  indicated  by  ihe  small 
upward  arrow 
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the  layer  ts  constricted  (e.g.,  for  GaAs  L,  <  500  A),  and  re¬ 
sults  in  a  number  of  quasi-two-dimensional  subbands  each  of 
which  has  a  constant  density  of  states.6  The  cumulative  den¬ 
sities  of  states  for  electrons  and  for  light  and  heavy  holes- in 
the  quantum-well  regime  is  steplike  as  shown  in  Fig.  1 ,  with 
each  step  occurring  at  the  energy  of  the  one-dimensional 
confined-carrier  energy.  In  the  bulk  limit,  the  usual  parabol¬ 
ic  density  of  states  exists  (dashed).  The  curved  arrows  on  the 
conduction-band  densities  of  states  represent  LO-phonon 
emission  by  thermalizing  electrons  while  the  1,  1',  1-LO,  T- 
LO  arrows  illustrate  the  various  low-energy  confined-carrier 
radiative  recombination  transitions  in  QWH  lasers  ( 1  is 
n  =  1  electron  to  heavy-hole,  T  is  ri  —  T  electron  to  light- 
hole,  and  1-LO  and  l'-LO  are  phonon  sidebands  of  the  1  and 
1'  transitions!.  Also  shown  is  the  light-  to  heavy-hole 
relaxation. 

The  form  of  the  density  of  states  is  fundamental  to  the 
process  of  LO-phonon  emission  and  absorption  in  polar  op¬ 
tical  scattering  and  is  so  important  that,  in  the  two-dimen¬ 
sional  limit,  the  basic  electron-LO-phonon  interaction  is  ac¬ 
tually  slightly  enhanced  over  the  bulk  case,7  making 
stimulated  phonon  emission  more  of  a  possibility.2  Because 
of  this,  the  nonthermal  LO-phonon  occupation  number  is 
expected  to  be  greatly  increased  in  QWH  lasers."  These 
phonons,  however,  are  extremely  difficult  to  detect.  Earlier 
work”  indicates  that  multiple  thin-layer  (Lx  $  80A)  struc¬ 
tures,  in  contrast  to  single  (L,  S  500  A)  quantum  wells,  are 
very  efficient  in  carrier  collection  and  thermalization.and 
operate  readily  on  LO-phonon  sidebands.  A  valid  verifica¬ 
tion  of  the  role  of  LO  phonons  in  a  QWH  is,  therefore,  the 
artificial  inducing  of  phonon-sideband  laser  operation  in  a 
larger  quantum  well  (L.  —200-500  Al  or  bulk  layer  by  a 
phonon-generating  and  -reflecting  array  of  small 
(L.  —  50-80  Al  quantum  wells.  Also,  the  identification  of 
phonon-sideband  laser  operation  of  a  thicker  layer 
lL.  £  200  Al  is  easier  because  of  the  advantage  that  the  low- 
est-energy  confined-carrier  transitions  converge  to  Eg  as  L, 
increases;  the  uncertainty  in  determining  Lz  and  the  con¬ 
fined-carrier  transitions  is  thus  decreased. 

The  purpose  of  the  present  work  is  to  determine  the 
extent  to  which  LO  phonons  affect  the  laser  operation  (77— 
300  K)  of  both  QWH  and  DH  Al,  Ga,  _  ,  As-Ga  As  semicon¬ 
ductor  lasers.  Phonons  generated  in  a  thin  multiple  QWH 
array  are  used  to  induce  phonon-sideband  emission  in  a  larg¬ 
er.  coupled,  "phonon-detector”  GaAs  layer.  The  extensive 
data  presented  on  QWH’s  of  various  well  thicknesses  show 
that  Al,Ga,  _ ,  As-GaAs  heterostructure  lasers  can  be  de¬ 
signed  which  take  advantage  of  the  LO  phonons  that  are 
inherently  generated  in  these  structures. 

II.  CRYSTAL  PREPARATION  AND  EXCITATION 

The  Al.Ga,  As-GaAs  samples  of  interest  here  are 

grown  by  metalorganic  chemical  vapor  deposition  (MO- 
CVDl,  which  has  been  described  extensively  elsewhere. 9,10 
The  wafers,  grown  at  750  *C  on  |  tOQj  GaAs  substrates  at  a 
calibrated  growth  rate  of  —  0.25/am/min  (or  slower),  consist 
of  a  —  l-^m-thick  GaAs  buffer  layer  to  provide  a  good  crys¬ 
tallographic  surface  for  the  succeeding  layers,  followed  by  a 
-  l-/< m  Al.Ga,  _ ,  As  lx— 0.361  confining  layer,  then  the 


QWH  active  region,  and  finally  a  second  -0.3-/<m 
Al,Ga,  _,As  (x-0.36)  confining  layer.  AH  layers  are  un¬ 
doped  [nd  —  na  $  10”  cm-5). 

Six  different  QWH  active  regions  composed  of  thin- 
layer  phonon-generating  arrays  coupled  to  larger  GaAs 
quantum  wells  | L.  S  500  A)  or  standard  DH  active  layers 
1500  A  SL.  S  2000  A)  are  employed.  They  are  (i|  a  single  Lxi 
~2GQ-A  GaAs  well  and  seven  ~  50^A  GaAs  wells 
with  all  of  the  wells  coupled  by  seven  ~50-A-thick 
AixGai_xAs(x  ~  0.32)  barriers  [structure  denoted  as 
( 1-7)  200  —  50  A],"  (ii)  a  structure  identical  to  (i)  with  the 
exception  that  the  thicker  GaAs  layer  is  changed  to  L„ 

—  500  A  [(1-7)  500  —  50  A],  (iii)  a  structure  identical  to  (i| 

with  the  exception  that  the  largest  GaAs  well  is  increased  in 
size  to  Lzl  —  1500  A  [(1-7)  1500  —  50  A],  (iv)  a  structure 
similar  to  |i)  with  LIt  -  ’.60  A,  ~  80  A  and  with  ~  80- A- 

thick  Al,Gat  _ ,  As  (jc —0.32)  coupling  barriers  [(1-7) 

160  —  &0  A)],  (v)  a  phonon-generating  array  of  seven  Lzl 

—  50- A  GaAs  welts  on  either  side  of  an  Lt  —  500-A  GaAs 
layer  all  of  which  are  coupled  by  fourteen  —  50-A-thick 


T 

T 


FtG.  2.  Scanning-electron  microscope  photographs  of  a  multiple-quantum- 
well  heterostructure  grown  by  MO-CVD  with  an  active  region  consisting  of 
seven  50- A  GaAs  wells  and  one  500-A  GaAs  well  coupled  by  seven  50-A 
Al,Ga,  . ,  As  Ur 0.321  barnets.  The  cleaved  and  stained  cross  section  ai 
shows  the  500-A  GaAs  layer  iright-hand  arrowsl;  the  left-hand  arrows  indi¬ 
cate  the  array  of  seven  50-A  layers,  which  cannot  be  individually  resolved. 
Photograph  hi  shows  a  shallow-angle  beveled  and  stained  cross  section  of 
the  same  QWH.  The  shallow-angle  bevel  and  stain  causes  the  layers  to 
appear  enlarged  (by  a  factor  of  93  for  this  cross  section!,  allowing  the  array 
of  seven  50-A  wells  and  seven  50-A  barriers  to  be  resolved  (left-hand 
arrows). 
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Al,Ga,  _  ,As  (-T  — 0.32)  barriers  [(7-1-7)50-500-50  A],  and 
(vi|  two  L.a  —  120-AGaAs  wells  with  one  located  on  either 
side  of  an  array  of  six  L;i  ~  80- A  GaAs  wells  with  all  of  the 
GaAs  layers  coupled  by  seven  —  80-A-thick  Al,  Ga,  _  ,  As 
(.v  -0.32)  barrier  layers  [(1-6-1)120-80-120  Al.  In  addition 
to  the  undoped  wafers  described  above,  four  “degenerate” 
case  multilayer  structures  in  which  all  wells  and  barriers  are 
the  same  thickness  are  used  for  comparison.  These  contain 
undoped  active  regions  which  include  (a)  six  L.  —  50- A 
GaAs  wells  coupled  by  five  —50-A  AI,Ga,  As  (x— 0.30) 

barriers  [(5  +  6)  50  A  or  simply  (6)  50  A],12  (b)  four 
L.  —80-A  GaAs  layers  coupled  by  three  —80- A 
Al'Ga,  .  ,As|x  — 0.35)  barriers  [(3  +  4)  80  A  or  (4)  80  A],13 
(c)  six  L.  -  80-A-thick  GaAs  layers  coupled  by  five  -  80-A 
Al, Ga,  _  ,  As  |x  —  0.30)  barriers  with  one p-type  and  one  n- 
type  confining  layer  and  ap-ty pe  GaAs  contact  layer  to  form 
a  p-n  junction  QWH  diode  [(5  +  6)  80  A  or  (6)  80  A],  and  (d) 
six  L.  —  120- A  GaAs  wells  coupled  by  five  —  120- A 
Al.Ga,  ,  As  1.x -0.27)  barriers  [(5+6)  120  A  or  (6)  120 
A].14 

Layer  thicknesses  of  the  QWH  samples  are  estimated 
by  SEM  microphotographs  taken  on  cleaved  cross  sections 
or  on  bevel  cross  sections  ( —  1*  angle). 15  Both  of  these  forms 
of  measurement  agree  with  the  growth  rate  calibration  on 
thicker  layers  and  with  sputter-Auger  measurements. 16  The 
bevel  angle,  and  thus  also  the  magnification  factor,  is  pre¬ 
cisely  determined  using  a  SLOAN  DEKTAK  surface  profi- 
lometer.  Examples  of  a  SEM  microphotograph  (a)  on  a 
cleaved  and  <b|  on  a  beveied  and  stained  cross  section  of  the 
( 1-7)  500-50  A  structure  [ii]  are  shown  in  Fig.  2.  Starting 
from  the  bottom  of  photomicrograph  (a)  is  the  —  1.0-/um 
Al.Ga,  _ ,  As  l.x  — 0.36)  confining  layer.  Next,  between  the 
right-hand  pair  of  head-to-head  arrows  is  the  L.{  —  500-A 
GaAs  layer.  This  is  then  followed  by  the  seven  La  —  50-A 
GaAs  wells  coupled  by  the  —  50-A-thick  Al,  Ga,  _ ,  As 
( — 0.32)  barriers,  all  of  which  are  between  the  left-hand  pair 
of  head-to-head  arrows.  The  individual  —  50-A-thick  layers 
in  (a)  are  not  resolvable.  Finally,  the  uppermost  portion  is  the 
second  —  0.3-pm  Al.Ga,  _  .As  (x— 0.36)  confining  layer. 
Note  that  the  “large"  GaAs  layer  is  indeed  —  500  A  thick, 
while  the  net  thickness  of  the  multilayer  region  is 
(7  +  7)  X  50  A  =  700  A.  The  (b)  part  of  Fig.  2  is  a  SEM  pho¬ 
tomicrograph  of  a  beveled  (— 0.62’,  —  93  X  magnification) 
and  stained  portion  of  the  same  ( 1-7)  500-50- A  wafer  as  that 
of  (a).  Here  the  individual  —  50-A-thick  layers,  which  com¬ 
prise  the  multilayer  phonon-generating  array  between  the 
left-hand  head-to-head  arrows,  are  resolved  as  is  also  the 
—  500-A  ( LzX )  GaAs  layer  between  the  right-hand  head-to- 
head  arrows.  The  apparent  layer  nonuniformity  and  uneven¬ 
ness  are  due  to  scratches  inherent  in  the  bevel  technique  and 
in  no  way  imply  poor  crystal  quality.17 

In  order  to  study  small  samples  with  large  Fabry-Perot 
cavity  end  losses,  and  undoped  samples  to  avoid  the  confu¬ 
sion  of  recombination  radiation  involving  impurities,  photo¬ 
pumping  is  used  for  sample  excitation.  The  data  presented 
here  are  obtained  using  an  Ar”  laser  (x  —  5145  A)  which  can 
be  operated  either  cavity-dumped  or  cw.  Sample  prepara¬ 
tion”  consists  of  first  mechanically  polishing  the  wafer  from 
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the  substrate  side  down  to  a  thickness  of  —  50 pm  and  then 
selectively  etching  off18  the  remaining  GaAs  substrate  and 
buffer  layer.  The  resulting  thin  (~  1.4-^m-thick)  wafer  is 
then  cleaved  into  rectangular  samples  — 10- 100 pm  wide  by 
—  1 00-300  pm  long  which  are  imbedded  into  In  under  a 
sapphire  window  for  77  K  operation19  or  into  annealed  Cu 
under  diamond  for  300  K  operation.20  Typically,  a  circular 
spot  of  Ar  +  laser  light  comparable  in  diameter  to  the  sample 
width  is  used  to  excite  electron-hole  pairs  in  the 
Al,  Ga,  _ ,  As  confining  layers.  Since  aLt  <1,  most  of  the 
carriers  are  generated  in  the  confining  layers.  The  carriers 
diffuse  to  the  active  region  where  they  thermalize  by  emit¬ 
ting  LO  phonons  and  then  recombine.  The  one  (5  +  6)  80-A 
structure  that  is  grown  sandwiched  between  n-  and  p- type 
confining  layers  has  been  both  fabricated  into  simple  stripe- 
geometry  laser  diodes  and  has  been  processed  into  a  photolu¬ 
minescence  sample  by  selectively  etching  off  the  GaAs . 
strate  and  contact  layers. 

III.  EXPERIMENTAL  DATA 

The  emission  spectra  of  a  large  quantum  well 
~  200A)  coupled  to  an  array  of  small  wells  (Z..,  S  80  A|  dif- 
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FIG.  3.  Pulsed  photoluminescence  spectra  (77  K)  of  a  sample  (5  J  x  488/rm:l 
cleaved  from  a  heterostructure  similar  to  that  shown  in  Fig.  2  but  with  a 
200- A  GaAs  layer  in  place  of  the  500-A  layer.  A  one-dimensional  model  of 
the  conduction  band  and  the  allowed  electron  energy  levels  are  indicated  by 
the  inset.  The  heavy  and  light  bars  on  the  horiiontal  axis  mark  the  transition 
energies  for  electrons  to  recombine  with  heavy  holes  |e— hh.  n  confined- 
particle  transitions!  or  with  light  holes  (e— Ih.  n'  confined-particle  transi¬ 
tions!  respectively.  The  spontaneous  spectrum  shows  the  emission  just  be¬ 
low  lasing  threshold  (at.  6  2  X  I  O'  W/ctn:l.  At  slightly  higher  cxcttatton 
power  [bl.  7.0X  I04  W/cm:|  the  main  laser  mode  occurs  on  the  n  »  l- 
transition  with  the  simultaneous  occurrence  of  a  smalt  spectral  bump  at 
energy  &>,„  below  the  n  =  I  transition.  At  higher  power  fci.  10'  W/cm  l 
the  small  bump  develops  into  a  well-defined  laser  mode. 
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fer  markedly  from  those  of  a  single  large  well  [Lz  £  200  A), 
or  from  a  degenerate  multilayer  structure  ( Lt  $  80  A)  in 
which  all  the  quantum  wells  are  the  same  thickness.  The 
proximity  I  S  80  A)  of  a  larger  well  to  an  array  (see  the  inset  of 
Fig.  3l  is  very  important  in  the  electronic  and  vibrational 
coupling  of  the  two  systems.  Both  electrons,  which  have  a 
significant  tunneling  probability  for  an  ~  80- A-thick  ~400- 
meV  rectangular  barrier,  and  LO  phonons,  with  a  100-500- 
A  mean  free  path,  are  likely  to  be  shared  in  the  whole  system 
and  affect  the  recombination  and  inelastic  scattering  pro¬ 
cesses.  For  example,  LO  phonons  generated  in  the  small- 
well  arrays  of  these  heterostructures  influence  the  recombi¬ 
nation  in  the  larger  layers. 

Typical  emission  spectra  (77  K)  of  a  photopumped,  rec¬ 
tangular  sample  from  the  ( 1-7)  200-50- A  wafer  (i)  are  shown 
in  Fig.  3.  The  form  of  the  conduction-band  edge  in  the  vicini¬ 
ty  of  the  active  region  is  illustrated  in  the  inset.  The  horizon¬ 
tal  lines  indicate  the  electron  eigenenergies  of  this  one-di¬ 
mensional  potential.  These  lines  are  sketched  to  correspond 
to  the  spatial  extent  of  the  wavefunctions.  The  numbers  1-6 
on  the  left  side  of  the  lines  and  the  1  and  2  on  the  right  side 
denote  those  states  of  the  system  which  arise  because  of  the 
Z.;l  —  200- A-thick  well  and  the  Lzl  —  50-A  multilayer,  re¬ 
spectively.  While  this  numbering  scheme  is  not  strictly  cor¬ 
rect  for  the  complete  coupled  quantum  system,  it  is  very 
useful  since  some  eigenfunctions  are  more  localized  in  the 
Z.j,  —  200-A  well  and  others  are  more  localized  in  the  La 
~  50-A  multilayer.  Note  that  this  localization  should  not 
restrict  the  motion  of  the  electrons  since  the  very-small-layer 
dimensions  easily  allow  electron  tunneling  between  the  mul¬ 
tilayer  and  the  larger  GaAs  layer. 

The  ( 1-7)  200-50-A  sample,  when  pulse  excited 
|6.2x  104  W/cm2)  partially  across  its  width,  exhibits  the 
high-level  spontaneous  emission  spectrum.  Fig.  3(a).  Sponta¬ 
neous  emission  peaks  are  observed  at  slightly  lower  energies 
than  the  first  electron-to-heavy-hole  n  =  1  confined-carrier 
transitions  of  both  the  multilayer  array  and  the  larger  quan¬ 
tum  well.  With  an  increase  in  pump  power  to  7  X  104 
W/cm:,  Fig.  3(b),  a  laser  mode  appears  abruptly  near  the  first 
electron-to-light-hole  n'  =  V  transition  of  the  Lzl  ~  200-  A 
GaAs  well,  and  simultaneously  a  small  bump  emerges 
—  lower  in  energy  than  the  n  =  1  Z,„  —  200-A  con¬ 
fined-carrier  transition.  Upon  further  excitation  ((c),  105 
W/cm2],  this  bump  also  lases  although  it  is  still  much  lower 
in  intensity  than  the  higher-energy  confined-carrier  stimu¬ 
lated  emission.  The  location  in  energy  and  the  unique  man¬ 
ner  of  tum-on  of  the  bump  with  the  laser  line  are  interpreted 
as  evidence  for  stimulated  phonon  emission. 

The  emission  spectrum  (77  K)  of  a  second  sample  from 
the  (1-7)  200  —  50-A  wafer  is  shown  in  Fig.  4.  At  low-level 
cw  excitation  (curve  (a) ,  250  W/cm J  ]  the  spontaneous  emis¬ 
sion  peaks  at  very  nearly  the  same  energies  as  the  sample  of 
Fig.  3.  For  pulsed  excitation,  however,  laser  operation  is  ob¬ 
served  (curve  (b),  5  x  104  W/cm2]  both  on  a  phonon  sideband 
of  the  lowest-confined-carrier  transitions  and  also  near  the 
n  =  2  transition  of  the  Lzl  ~  200-A  well.  Note  that  with  this 
sample  and  excitation  geometry  the  phonon-sideband  laser 
modes  can  be  made  to  dominate  the  emission  spectrum  as 
opposed  to  the  relatively  weak  modes  at  that  energy  shown 


in  Fig.  3.  That  this  effect  is  primarily  due  to  the  excitation 
geometry  can  be  seen  by  comparing  the  spectrum  of  Fig.  4 
with  that  of  Fig.  3(b)  of  Ref.  8.  Both  spectra  are  from  the 
same  cleaved  sample  (28  X  244  gm:l  and  are  excited  to  the 
same  level  (5  X  104  W/cm2).  However,  the  pump  beam  is  at  a 
slightly  different  location  of  the  sample  in  the  two  cases:  this 
results  in  the  relative  emission  intensities  of  the  phonon  side¬ 
band  and  the  higher-energy  laser  modes  to  be  different. 

As  mentioned  earlier,  this  type  of  emission  spectrum, 
i.e.,  with  stimulated  emission  occurring  ~fcoto  lower  in  en¬ 
ergy  than  the  lowest-confined-carrier  transition,  is  not  simi¬ 
lar  to  that  of  a  single  —  200- A-thick  well.  Depending  on  sam¬ 
ple  and  pump  beam  geometry  and  also  the  excitation  power, 
laser  action  has  occurred  over  a  very  broad  energy  range  in  a 
single  L,  ~  200-A  QWH  (see  Fig.  10  of  Ref.6).  However,  it 
has  not  been  observed  as  low  in  energy  as  —  ftco ,  Q  below  the 
lowest  ( n  =  !,«'  =  1')  confined-carrier  transitions.  A  direct 
comparison  of  pulse-excited  room-temperature  laser  oper¬ 
ation  of  a  single  L.  —  200-A  QWH  and  the  ( 1-7)  200-50-A 
QWH  (i)  of  Figs.  3  and  4  is  shown  in  Fig.  5.  At  2.8  X  104 
W/cm2  the  single  well  structure,  curve  (a),  exhibits  consider¬ 
able  bandfilling6-2 1  because  of  its  very  small  active  region 
thickness  and  relative  inability  to  collect  and  thermalize  hot 
electrons  from  the  confining  layers.6’22  Upon  coupling  of  a 
phonon-generating  and  reflecting  array  of  smaller  L,2  —  50- 
A  GaAs  layers  to  a  single  L.,  —  200-A-thick  GaAs  well,  we 
observe  [curve  (b),  7  x  104  W/cm2]  that  the  carrier  collec¬ 
tion,  thermalization.  and  bandfilling  problems  are  drastical¬ 
ly  reduced.  Most  of  the  carriers  are  collected  by  and  scatter 
to  lower  energy  in  the  multilayer  portion  (64%  of  the  GaAs 
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FIG.  4.  Spectra  1 77  K)  of  a  photopumped  sample  (28  x  244  fim:\ cleaved 
from  the  same  wafer  as  that  of  Fig.  3.  Low-level  cw  excitation  (a),  250 
W/cm:]  produces  a  peak  al  energy  4wlo  below  then  »  I'  transitions  of  the 
200-A  well  and  another  peak  U  -  7800  Al  approximately  an  LO-phonon 
below  then’  «  I’ transitions  oftheSO-A  wells.  (Then  =  1  transitions  of  the 
50-A  well  are  degenerate  with  the  n  =•  3  transition  of  the  200-A  well;  see 
inset  of  Fig.  3.)  Pulsed  excitation  (b).  5  X  104  W/cm:)  results  in  laser  oper¬ 
ation  an  LO  phonon  below  the  n  s  I  transitions  of  the  200-A  well.  Smaller 
taser  modes  also  appear  near  the  n  «  2  transitions  of  the  200-A  well. 
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in  the  active  region  is  in  the  multilayer  array)  of  the  hetero¬ 
structure.  In  the  process,  LO  phonons  are  emitted  and  carri¬ 
ers  either  recombine  or  scatter  to  still  lower  energy  in  the 
larger  well  and  recombine.  For  the  samples  of  Figs.  3. 4,  and 
5(b)  1 7  x  104  W/cm:),  a  sizable  portion  of  the  carriers  scatter 
to  the  lowest -energy  confined -earner  states  before  recom¬ 
bining  radiatively.  including  at  energy  fuoLO  below  the  n  —  1 
or  1'  transitions.  Although  other  excitation  geometries 
modify  the  emission  spectra  of  a  ( 1-7)  200-50-A  QWH,  these 
data  demonstrate  that  this  design  of  the  active  region  enables 
recombination  to  be  observed  at  lower  energies  than  for  the 
case  of  a  single  L.  —  200- A-thick  well,  or  even  an  Lz  ~  50-A 
multilayer  array,  and  that  LO-phonon  effects  therefore  play 
a  considerable  role  in  the  operation  of  this  form  of  QWH. 

A  further  interesting  feature  of  the  (1-7)  200-50-A 
QWH  is  the  presence  of  emission  and  laser  modes  in  the 
range  between  the  lowest-energy  confined-carrier  transi¬ 
tions  of  the  system  and  the  phonon  sidebands.  This  is  dem¬ 
onstrated  clearly  in  the  77  K  photoluminescence  spectra  of 
Fig.  6.  As  with  the  spontaneous  emission  data  of  Figs. 3, 
curve  (a),  and  4,  curve  (a),  the  CW  emission  at  low  level  [Fig. 
6  curveta),  10  W/cnr]  of  this  wafer  peaks  at  slightly  lower 
energies  than  the  n  =  1  confined-carrier  transitions  of  the 
L;l  —  200-A  well.  In  addition,  in  the  case  of  this  sample  a 
shoulder  in  the  emission  is  observed  —  20  me  V  lower  in  ener¬ 
gy  than  the  n  =  1  transition  of  the  —200-A  well.  At 
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FIG.  5.  Comparison  of  the  pulsed  photoemission  1300  Kl  of  a  rectangular 
sample  147  x  234  jrm:l  cleaved  from  a  single  200-A  QWH  with  a  rectangular 
sample  |62  x  226/itn;|  cleaved  from  the  same  QWH  wafer  as  the  samples  of 
Figs.  3  and  4.  The  high  energy  emission  al  of  a  single  200-A  QWH  (2.8  x  I04 
W/cm  ’l  is  cut  off  by  the  7-well  |2.,j  —  50  Al  array  of  bl  |7x  104  W/cm;l. 
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FIG.  6.  Photoemission  (77  K I  of  a  sample  (94 y 234  cleaved  from  the 

same  wafer  described  in  Fig.  3.  Besides  the  low-level  i250W/cm:l  spontane¬ 
ous  peaks  of  Fig.  4.  the  low-level  spectrum  al  1 10  W/cm;l  exhibits  a  shoulder 
approximately  20  meV  below  the  n  —  1  transition,  corresponding  to  the 
expected  binding  energy  of  a  two-dimensional  exciton  in  GaAs.  At  higher 
power  [b|.  2.5  x  10*  W/cm'  |  a  well-defined  group  of  laser  modes  llabcled  A, 
20  meV  below  the  n  =  1  markerl  appears  as  well  as  laser  operation  one 
phonon  below  the  n'  =  I’  transition. 

higher  pulsed  photoexcitation  [curve  (c),  2.5  X  104  W/cm:], 
laser  operation  is  observed  both  on  a  phonon-sideband  of  the 
n‘  =  T  transition  and  also  —  20  meV  below  the  n  =  1  transi¬ 
tion,  labeled  A.  The  location  of  A  is  in  excellent  agreement 
with  the  energy  expected  of  a  two-dimensional  exciton  in¬ 
volving  a  heavy  hole. 

The  binding  energy  of  a  two-dimensional  exciton  is  4  X 
larger  than  for  the  three-dimensional  limit.”"4  This  results 
in  two-dimensional-exciton  binding  energies  of  —  20  meV 
for  the  electron-heavy-hole  exciton  and  —  1 3  meV  for  the 
electron-light-hole  exciton.'5  The  4x  increase  over  the 
three-dimensional  case  is  expected  in  the  limit  of  two-dimen¬ 
sional  confinement  and  will  be  reduced  to  1  x  as  the  layer 
thickness  is  increased  to  the  bulk  limit.  For  layer  thicknesses 
less  than  the  bulk-exciton  diameter  ( —  240  A  e-hh,  —  340  A 
e-lh ),  the  factor  of  4  x  continues  to  agree  well  with  photolu¬ 
minescence  data;this  is  in  contrast  to  earlier  absorption  mea¬ 
surements  (on  crystals  grown  by  MBE)  that  indicate  an  en¬ 
hancement  of  only  —2  X  in  the  exciton  binding  energy  for 
Lt  <  100  A.'6  The  data  of  Fig.  6  and  other  low-level  cw  and 
laser  data”  on  rectangular  cleaved  samples  indicate  that  the 
two-dimensional  exciton  can  be  involved  in  recombination 
in  these  quantum-well  heterostructures. 

In  order  to  determine  how  closely  the  low-energy 
phonon-sideband  laser  modes  observed  in  the  data  from  the 
( 1-7)  200-50-A  QWH  (Figs.  3-6)  are  related  to  the  confined- 
carrier  transitions,  a  number  of  samples  with  a  thicker  GaAs 
layer  substituted  in  place  of  the  "large"  L.,  -  200-A  well 
have  been  employed.  As  the  layer  size  L.,  is  increased,  the 
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F!G.  7.  Induced  phonon-as- 
visted  recombination  (77  Kl  of 
the  QWH  shown  in  (he  cross 
section  of  Fig.  2.  cw  emission 
from  a  photopumped  rectan¬ 
gular  sample  |59x  254/jm;| 
peaks  near  the  n'  =  I '  transi¬ 
tions  of  the  SO-A  wells 
(\  ~  78 00  A)  and  slightly  be¬ 
low  the  n  =  1  transition  of  the 
the  SOO  A  well  |  (a),  1.2 
X  10*  W/cm2  ].  At  higher 
excitation  [(b),  5  X  io4  W/ 
W/cm2  ]  laser  operation  oc¬ 
curs  one  phonon  (  u[_q) 
below  the  confined-particle 
transitions  1,  1',  2,  2’,  3,  and 
3'.  A  narrower  sample  (23 
X  2 1 1  jim1 )  lases  across  the 
sample  on  the  lowest  trans¬ 
itions  |  (c),  8  X  10*  W/cm2  | 
with  some  end-to-end  closely 
spaced  modes  apparent  one 
phonon  below  the  n  -  l' 
transition. 


behavior  of  the  larger  well  shifts  more  toward  bulk  GaAs; 
the  confined-carrier  states  then  become  very  closely  spaced 
and  the  n  =  1  transition  is  very  nearly  degenerate  with  E,. 
The  uncertainty  in  assigning  an  edge  or  origin  for  phonon- 
sideband  laser  operation  is  thus  greatly  decreased.  This  is  the 
case  for  —  500  A. 

An  example  of  the  emission  spectra  (77  Kl  of  the  (1-7) 
500-50-A  QWH  sample  (ii)  is  shown  in  Fig.  7,  The  cw  spec¬ 
trum  [curve  lai,  1.2x  10J  W/cm:]  exhibits  laser  operation  on 
a  phonon  sideband  of  the  n'  =  1'  transition  of  the  500-A 
quantum  well.  Spontaneous  emission  peaks  as  seen  in  Figs. 
3.  5,  and  6  are  also  observed.  At  a  pulsed  excitation  of  5  X  104 
W/cm’,  curve  lb),  the  same  sample  lases  strongly  in  the 
range  of  the  phonon  sidebands  of  then  =  1,  T,  2, 2', 3.  and  3' 
transitions  of  the  L.t  —  500-A  layer.  A  narrower  sample 
[curve  (cl,  8  x  104  W/cm:],  with  higher  cavity  losses,  is  used 
to  force  laser  operation  up  in  energy  to  the  lowest  confined- 
carrier  transitions  to  enable  their  identification. 

A  design  modification  on  the  (1-7)  500-50-A  QWH  is 
achieved  by  introducing  a  second  phonon-generating  and  - 
reflecting  array  of  seven  Ltl  —  50-A  quantum  wells  on  the 
other  side  of  the  L,,  —  500- A-thick  GaAs  layer.  The  result  is 
a  (7-1-7)  50-500- 50-A  structure  in  which  —58%  of  the 
GaAs  in  the  active  region  is  in  the  small-well  array  portion. 
Any  reflection  of  LO  phonons  by  the  twin  50  A-well  arrays 
should  tend  to  localize  the  LO  phonons  in  the  vicinity  of  the 
L;l  —  500-A-thicker  layer  and  strongly  affect  the  recombi¬ 
nation  radiation  spectrum.  Typical  pulsed  room-tempera¬ 
ture  photoluminescence  spectra  are  shown  in  Fig.  8.  The 
bars  numbered  1-5  are  the  locations  of  the  five  lowest-ener- 
gy  electron-to-heavy-ho!e  transitions  of  the  500-A  quantum 
well.  At  ^W/cm",  curve  al,  laser  threshold  occurs 


lower  in  energy  than  the  n  =  1  transition.  Slight  ringing  is 
also  observed  in  the  energy  range  of  the  n  —  2  transition.  An 
increase  in  excitation  level  to  2x  104  W/cm2,  curve  b),  re¬ 
sults  in  intense  laser  operation  on  the  phonon  sideband  of  the 
lowest  confined-particle  transitions  and  also  weaker  laser 
modes  between  the  n  =  1  and  n  —  4  transitions.  Note  that 
the  data  of  Figs.  7  and  8  exhibit  laser  operation  —  fuoLO  low¬ 
er  in  energy  than  the  lowest-energy  laser  emission  expected 
due  to  band-to-band  recombination  in  bulk,  undoped  GaAs. 
This  emission  occurs  at  a  transition  energy  in  which  no  states 
exist  in  these  structures.  As  mentioned  earlier,  both  of  these 
samples  are  undoped  {nd  —  n„  $  1015  cm-5).  Therefore  this 
laser  operation  is  not  impurity  related,  since  £  1017  cm-5 
impurities  are  necessary  for  GaAs  to  lase  on  a  band-to-impu- 
rity  transition.27  The  emission  spectra  of  Figs.  7  and  8  estab¬ 
lish  that  phonon-sideband  laser  operation  can  be  achieved  in 
a  GaAs  laser  of  nearly  bulk  dimensions  ( —  500  A)  that  is 
sandwiched  between  A),  Ga,  _  ,  As  confining  layers. 

Further  increase  in  the  size  of  the  larger  GaAs  well  in 
these  coupled  array  heterostructures  begins  to  decrease  the 
effectiveness  of  the  laser  operation  of  the  larger  layer.  For 
these  heterostructures  (inset  of  Fig.  3),  as  the  single  larger 
well  (Lsl )  is  increased  in  size  from  200  to  500  to  1500  A.  the 
GaAs  fraction  in  the  active  region  represented  by  the  L:1 
—  50-A  seven-well  array  decreases  from  0.64  to  0  4 1  to  0. 1 9. 
Assuming  that  this  is  roughly  the  percent  of  injected  elec¬ 
trons  that  ihermalize  in  the  small-well  array  section,  we  ex¬ 
pect  the  number  of  LO  phonons  generated  by  the  seven  well 
L:1  -  50-A  array  to  decrease  rapidly  with  increasing  . 
Note  that  the  fraction  of  electrons  that  recombine  in  the 
array  is  expected  to  be  even  less  than  the  above  estimate  since 
carriers  can  tunnel  into  the  larger  GaAs  layer  and  scatter  to 
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FIG  8.  Pulsed  room-temperature  laser  operation  of  a  rectangular  (68  X  234 
«mi  QW’H  sample  with  an  active  region  consisting  of  a  500-A  GaAs  well 
sandwiched  between  two  arrays  of  seven  50-A  GaAs  wells  all  of  which  are 
coupled  by  50-A  AI.Ga,  _ ,  As  ix =0.321  barriers.  At  10*  W/cm'a|  sponta¬ 
neous  emission  is  peaked  in  the  range  of  the  lowest  transitions  of  the  500-A 
well  In  =  1-4|  with  laser  modes  developing  one  phonon  below  the  n  =  I 
transition  i  located  almost  at  E ,  i.  At  2  X  104  W/em:.  bl  the  laser  operation  is 
well  developed  one  phonon  below  the  n  =  I  transition  (or  E,',.  and  weaker 
laser  emission  is  observed  between  the  n  =  I  and  n  =  4  transitions  of  the 
500-A  well. 


still  lower  energy  before  recombining.  Therefore,  in  spite  of 
the  fact  that  the  small-well  array  contributes  some  recombi¬ 
nation  radiation,  which  can  serve  as  a  reference,  this  radi¬ 
ation  is  relatively  weak  and  has  little  effect  on  the  lasing 
behavior  of  the  larger  GaAs  layer  for  L.,  <  500  A. 

Pulsed  room-temperature  laser  operation  of  the  (1-7) 
1500- 50-A  QWH  sample  liiil  is  shown  in  Fig.  9.  Since  the 
single  Lzi  —  1500-A-GaAs  layer  (coupled  to  the  Lzl  50-A 
array)  is  definitely  in  the  bulk  limit,  only  the  GaAs  energy 
gap  Et  is  used  as  a  reference  for  emission  originating  in  the 
thick  layer.  The  1  and  1' bars  near  8000  A  in  Fig.  9  denote  the 
energies  of  the  first  electron-to-light-  and  -to-heavy-hole 
transitions  for  carriers  localized  in  the  L!2  —  50  A  seven- 
well  multilayer.  One  interesting  feature  of  the  data  in  Fig.9  is 
the  relatively  weak  spontaneous  emission  peak  located 
~/fcuLO  lower  in  energy  than  the  Lz2  —  50-A  multilayer 
transitions  n  =  1  and  ri  =  T.  This  emission  is  weak  because 
of  the  small  fraction  (0. 19)  of  the  active  region  GaAs  that  is 
contributed  by  the  50-A  array.  The  most  important  feature 
of  this  sample  is  that  it  too  lases  at  energies  below  Et ,  as  far 
below  as  At  77  K  this  heterostructure  lases28  at  E, 

and  also  exhibits  the  higher-energy  spontaneous  reference 
peak  of  Fig.  9.  This  peak,  however,  is  not  shifted  beiow  the 

—  50-A  n  —  1  transition  as  it  is  at  500  K.,  but  rather  oc¬ 
curs  very  nearly  on  then  =  1  transition.  That  both  the  multi¬ 
layer  array  and  the  larger-layer  emission  shift  down  in  ener¬ 
gy  relative  to  their  band-to-band  transitions  as  the  iattice 


temperature  is  increased  indicates  that  the  thermal  LO- 
phonon  occupation  number  is  increased  enough  to  cause 
both  transitions  to  operate  on  phonon  sidebands.  A  further 
experiment  on  a  DH  wafer  with  Lz  —600  A  (all  layers  un¬ 
doped,  nd  —  na  S  1015  cm'3)  has  exhibited  a  similar  tem- 
perture  dependence.28  Therefore  laser  operation  at 
fico~Eg  —  &dlo  in  a  DH  is  considered  as  originating  in 
phonon-assisted  recombination.  The  thermal  phonons  pre¬ 
sent  due  to  the  lattice  temperature  (300  K)  plus  the  nonther- 
mal  LO  phonons  generated  during  carrier  relaxation  are  suf¬ 
ficient  to  produce  phonon-sideband  laser  operation  at  the 
high  injection  levels  characteristic  of  DH  laser  operation. 

While  the  data  of  Fig.  9  indicate  that  phonon-sideband 
laser  operation  can  be  induced  by  changing  the  thermal  LO- 
phonon  occupation  number,  the  spectra  of  Fig.  10  demon¬ 
strate  that  a  similar  result  can  be  achieved  by  increasing  the 
nonthermal  phonon  occupation  number.  The  cw  room-tem¬ 
perature  laser  spectra  of  Fig.  10  have  both  been  obtained  on 
samples  from  an  Lz  —  80-A  six-well,  five-barrier  (jc  —  0.30) 
QWH.  This  undoped  multiple  quantum-well  active  region 
\nd-na  $  1015  cm-3)  is  imbedded  in  an  Al„Ga,  _*As 
(x  —  0.4)  p-n  junction.  The  (a)  spectrum  is  from  a  portion  of 
the  wafer  processed  into  simple  stripe  geometry  diodes.  In 
contrast,  the  (b)  spectrum  is  from  a  smaller  portion  of  the 
wafer  from  which  both  the  «-type  GaAs  substrate  and  also 
the  p  +  GaAs  contact  layers  have  been  removed.  Note  that 
the  diode,  10(a),  operates  on  the  phonon-sideband  of  the 
n‘  ==  T  transition,  while  the  photoexcited  sample  operates  at 

Energy  (eVI 


1.40  1.45  1.50  1 .55 


9.0  8.5  8.0 


Wavelength  (lO3*) 

FIG.  9.  Pulsed  room-temperature  photoemission  (3.6  x  104  W7cm:|ofa 
sample(43  x  94^/m;|  whose  active  region  consists  of  a  1 500- A  layer  of  GaAs 
Ibulk  dimensions)  coupled  lo  an  array  of  seven  50-A  GaAs  wells.  The  cou¬ 
pling  barriers  are  50-AA1,  Ga,  ,  As  ur =0.321.  A  reference  spontaneous 
spectral  bump  occurs  between  (he  1-LOand  I -LO  transitions  of  (he  50-A 
array,  and  the  sample  lases  in  the  range  „  below  the  energy  gap  of  bulk 
maienal.  indicating  ifrom  the  50-A-arrav  referencei  that  phonon-assisted 
recombination  contributes  to  emission  in  heterostructures  with  layers  os 
thick  as  1 500  A. 
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much  lower  energy,  —  2 xfkaLQ  below  the  n  =  1  transition. 
The  important  difference  between  the  diode  and  the  photo- 
luminescence  sample,  other  than  the  method  of  excitation,  is 
the  optical  cavity  size.  The  diode  is  223  /im  long,  while  the 
photoexcited  sample  is  22  fim  in  width  and  has  nearly  ten 
times  larger  cavity  end  loss  than  the  diode.  Two  factors  enter 
into  the  laser  operation  of  very  narrow  samples:  ( 1 )  bandfill¬ 
ing  tends  to  increase  the  lasing  energy,  and  (2)  the  increased 
density  of  electron-hole-pairs  necessary  to  attain  laser 
threshold  gives  rise  to  an  increase  in  the  nonthermal  LO 
phonon  occupation  number  and  increases  the  probability  of 
phonon-asssisted  laser  operation,  thus  decreasing  the  lasing 
energy.  In  order  to  achieve  laser  threshold  [10(a),  ~2.4x  103 
A/cm’;  10(b),  — 7.9 X  103  A/cm2  equivalent  current  densi¬ 
ty],  the  narrow  photoexcited  sample  must  be  driven  to  more 
than  three  times  the  power  density  necessary  for  laser  oper¬ 
ation  of  the  diode.  Therefore  in  this  sample  the  larger  nonth¬ 
ermal  phonon  occupation  number  made  possible  by  the 
higher  laser  threshold  density  induces  lower-energy 
phonon-assisted  laser  operation. 

While  the  data  of  Figs.  3-10  have  focused  on  the  laser 
behavior  of  QWH’s,  the  low-level  spontaneous  emission 
spectra  of  these  samples  also  provide  insight  into  the  QWH 
behavior.  Typical  77  K.  spontaneous  emission  spectra  for  six 

Energy  (eV| 

1.42  1.46  1.50 


Wivelength  UO^AI 


FIG.  10.  Companion  of  cw  room-temperature  laser  operation  of  a  diode 
and  a  photoexcited  sample  from  the  same  QWH  material.  The  active  region 
consisting  of  six  80- A  GaAs  quantum  wells  separated  by  five  80-A 
Al.Ga,  ,  As  i.r^O.JOl  barriers  is  undoped  (nj  —  <  I01' cm  'I  and  is 

sandwiched  between  an  it-  and  p-type  confining  layer  of  Al ,  Ga,  ,  As 
:jt=0  40l  The  diode  (al.  2.4x10'  A/cmi)  lascs  below  their1  =  I’ 
transition,  while  the  photopumped  sample  (bi,  7  9  x  10'  A/ cm"],  with  the 
substrate  and  contact  layers  removed,  lases  at  energy  26r«,„  below  the 
I!  =  1  transition  1 1-2LO  transition!.  Note  also  the  spontaneous  bump  near 
the  e  *  I  transition  on  the  photopumped  emission  spectrum. 


various  QWH’s  are  shown  in  Fig.  1 1.  Curves  (a),  (b),  and  (c) 
are  from  the  quantum-well  structures  consisting  of  a  large 
GaAs  quantum  well  [or  wells  as  in  (c)]  coupled  to  a  phonon¬ 
generating  and  -reflecting  array  of  thinner  GaAs  layers.  The 
remaining  three  spectra  are  from  degenerate-case  structures 
of  uniform  layer  thickness  [curve  (d),  six  wells  +  five  bar¬ 
riers.  L.  —  120  A:  curve  (e|  four  wells  +  three  barriers,  L. 
—  80  A;  curve  (f),  six  wells  +  five  barriers,  Lz  —  50  A]  and 
serve  as  comparisons  for  the  emission  from  the  first  three 
QWH’s.  The  confined-carrier  transitions  are  labeled  for 
each  spectrum,  as  are  phonon  spacings,  and  the  two-dimen¬ 
sional  exciton  transitions  relative  to  it  =  1  (A)  and  to  n'  =  1’ 
IB). 

A  noticeable  feature  of  these  spectra  is  that  the  samples 
containing  GaAs  layers  of  different  sizes  (L„  and  Lzl )  exhib¬ 
it  two  emission  peaks,  one  related  to  each  well  size,  while  the 
degenerate  case  samples  [curves  (d),  (e),  (0]  each  have  one 
dominant  peak.  Only  in  the  case  of  the  six-well  16)  50-A  de¬ 
generate  structure,  curve  (f|  is  the  spontaneous  peak  lower 
ilx-fu±>LO )  in  energy  than  the  lowest  confined-carrier  transi¬ 
tion  (A  —  7600  A).  This  behavior  is  possibly  due  to  the  better 
phonon  confinement  that  is  believed  to  exist  in  a  50-A-layer 
QWH  as  discussed  below.  It  is  interesting  to  compare  this 
emission  [(f),  six-well,  Lz  —  50  A]  with  that  of  the  ( 1-7)  200- 
50-A  structure,  curve  (a),  which  also  contains  a  50-A  multi¬ 
layer  array.  Note  that  the  spontaneous  emission  from  the 
multilayer  array  portion  of  curve  (a),  A  ~  7800  A,  is  not  as 
low  in  energy  as  that  from  the  degenerate  case  curve  |f), 

A  ~  8000  A,  indicating  that  the  carriers  in  the  ( 1-7)  structure 
are  more  likely  to  scatter  to  the  200  A  well  than  recombine 
on  a  sideband  lxfuo^Q  lower  in  energy  than  the  50-A  n  =  1 
transitions. 

An  important  feature  of  these  spectra  is  that  the  exis¬ 
tence  of  two  peaks  in  the  ( 1-7)  and  ( 1-6-1 )  QWH's  are  likely 
(because  of  spectral  broadening)  to  lead  to  relatively  ineffi¬ 
cient  laser  operation  of  these  structures.  The  broadening  of 
the  emission  into  two  peaks  is  due  to  the  spatial  separation  of 
the  electron-hole  pairs  in  the  QWH  (in  JL.,  and  in  nLzl ).  This 
broadened  emission  implies  both  a  spatial  and  an  energetic 
line  broadening  (an  inhomogeneous  line).  As  the  L „  and  Lzl 
GaAs  layer  sizes  are  chosen  to  approach  the  same  thickness 
[(a)  to  (b)  to  (c)],  the  broadening  in  the  emission  is  decreased 
until  finally  the  degenerate  case  [(£_.,  =  Lzl  =  Lz\  (d),  (e),  and 
(f)]  results.  Thus  while  the  case  of  nondegenerate  structures 
can  be  designed  to  demonstrate  LO-phonon  effects  and  are 
interesting  light  emitters,  their  usefulness  as  efficient  lasers  is 
questionable  because  the  emission  linewidth  is  artificially 
broadened. 

IV.  DISCUSSION 

A  complete  theoretical  description  of  the  effects  de¬ 
scribed  above  is  difficult  for  several  reasons.  For  example, 
not  much  is  known  about  the  mean  free  path  of  phonons 
under  the  condition  of  high  excitation,21'  or  about  multi¬ 
phonon  emission,  or  in  general  about  indirect  optical  transi¬ 
tions  in  a  direct  semiconductor.  Usually  it  is  agreed  that 
indirect  transitions,  i.e„  transitions  involving  phonons  and 
photons,  are  negligible  in  direct  materials  if  the  electron- 
phonon  coupling  constant  is  small  as  it  is  in  GaAs.3”  This 
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FIG.  1 1  Photopumped  spontaneous  emission  spectra  lew.  77  Kj  of  si*  dif¬ 
ferent  multiple-quantum-well  heterostructures.  The  arrows  marked  A  are 
located  20  meV  below  the  n  =  1  electron-to-heavy-hole  transitions,  corre¬ 
sponding  to  the  estimated  binding  energy  of  a  two-dimensional  eieciron- 
heavy-hole  exciton.  Similarly,  the  arrows  marked  B  are  located  1 3  meV 
below  th  it  =  1'  electron-to-hght-hole  transitions,  corresponding  to  the 
estimated  binding  energy  of  a  two-dimensional  electron-light-hole  exciton. 
The  confined-particle-transition  markers  for  each  heterostructure  are  lo¬ 
cated  beneath  each  spectrum;  the  active-layer  structure  is  designated  to  the 
right  of  each  spectrum.  For  example,  spectrum  a)  (260  W/cm:t  is  from  a 
heterostructure  with  an  active  region  consisting  of  one  200-A  GaAs  well 
and  seven  50-A  GaAs  wells,  all  of  which  are  coupled  by  50-A  AI,Ga,  ,  As 
barriers. 

argument  does  not  hold  for  high  excitation  levels  since  the 
average  phonon  occupation  number  which  appears  in  the 
matrix  elements  for  indirect  transitions  increases  rapidly, 
resulting  in  a  high  “effective"  electron-phonon  interaction. 

This  should  be  generally  true  and  the  effect  should  give 
important  contributions  to  the  optical  constants  under  high 
excitation  conditions,  for  example,  as  encountered  in  the 
parallel  case  of  laser  annealing.  Before  describing  our  choice 
of  sample  geometries  to  enhance  the  phonon  effects,  we 
would  like  to  emphasize  that  previous  studies  have  shown 
that  size-quantization  effects  tend  to  favor  a  nonthermal 
phonon  occupation.  This  occurs  because  of  the  two-dimen¬ 
sional  density  of  states, :  a  slight  increase  in  the  electron- 
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phonon  coupling  constant,7  and  the  high-power  densities 
“compressed”  into  a  relatively  small  volume  2  h':i*  (the  QWH 
active  region).  Below  we  describe  the  criteria  that  have  guid¬ 
ed  the  choice  of  the  sample  geometry. 

In  spite  of  the  fact  that  not  much  is  known  about 
phonon-phonon  interactions,  the  phonon  mean  free  path  at 
high  excitation  levels,  and  the  direction  of  maximum  emis¬ 
sion  intensity,  we  assume  that  layers  with  dimensions  of  a 
multiple  of  the  phonon  wavelength  at  the  maximum  phonon 
intensity  would  reflect  and  confine  most.  The  wavelength  of 
maximum  intensity  of  phonons  emitted  perpendicular  to  the 
layers  can  be  determined  in  the  following  way:  Previous  cal¬ 
culations1'  show  that  the  emission  probability  for  phonons 
(perpendicular  to  the  layers)  is  a  monotonically  decreasing 
function  of  q  if  free-carrier  screening  is  not  taken  into  ac¬ 
count.  A  two-dimensional  analysis  shows  that  all  wave¬ 
lengths  longer  than  laB  ~  160  A  are  effectively  screened, 
where  a‘B  is  the  effective  Bohr  radius.  Therefore  we  expect  a 
maximum  in  the  phonon  intensity  at  wavelengths  near  2 aB. 
The  emission  probability  parallel  to  the  layers  ( again  for  qua- 
si-two-dimensional  electrons)  shows  two  distinct  peaks.11 
The  peak  at  the  longer  wavelength  is  again  almost  certainly 
screened.  The  peak  at  the  shorter  wavelength  occurs  as  given 
in  Ref.  8  at 

q  =  2.52X  10~A  ml,:  [1  +(1  -  l/m)'/3]cm_1.  (1) 

Here  we  have  used  the  material  constants  of  GaAs.  The  inte¬ 
ger  m  corresponds  to  the  energy  m1volo  above  the  bottom  of 
the  quantum-well  subband  from  where  the  electron  cascades 
downward  in  thermalizing.  Using  the  above  expression,  we 
obtain  as  a  typical  wavelength  and  thus  layer  or  well  size  the 
values  shown  in  Table  I.  These  values  have  been  used  as 
guidelines  in  the  choice  of  sample  dimensions. 

V.  CONCLUSIONS 

A  series  of  experiments  have  been  described  above  to 
determine  the  extent  of  LO-phonon  contribution  to  metalor- 
ganic  chemical  vapor  deposited  Al,Ga,  _  .  As-GaAs  quan¬ 
tum-well-heterostructure  (QWH|  laser  operation.  The  un¬ 
doped  photoluminescence  structures  studied  have  active 
regions  consisting  of  a  large  GaAs  quantum  well  (L2l ),  or  in 
some  cases  a  bulk  layer  (L.,  >  500  A),  coupled  to  a  small-well 
ILZ 2 )  multilayer  array.  Phonons  generated  during  carrier 

TABLE  I.  Phonon  wavelengths  at  which  the  emission  probability  parallel 
to  QWH  layers  exhibits  a  short  wavelength  peak  lEq.  II.  (Owing  to  screen¬ 
ing,  longer  wavelength  peaks  are  not  included.  The  m  =  12  -  250-A 
phonon  is  also  expected  to  be  screened  while  the  rest  are  not. I 
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thermalization  in  the  multilayer  array  have  been  shown  to 
induce  phonon-sideband  laser  operation  of  the  larger  GaAs 
layer.  In  undoped  structures  with  the  large-well  dimension 
L.{  —  500A.  the  phonon-sideband  emission  is  in  the  range 
fta>~Es,  —  fk»LO;  that  is. the  emission  is  ~fuovo  lower  in  en¬ 
ergy  than  the  lowest  transition  allowed  in  bulk  lundopedl 
GaAs.  Phonon-sideband  laser  operation  has  been  shown  to 
be  induced  by  an  increase  in  either  the  thermal  or  the  non- 
thermal  LO-phonon  occupation  number.  In  fact,  the  in¬ 
crease  in  the  thermal  phonon  occupation  number  at  300  K 
over  that  at  77  K  has  been  shown  to  result  in  phonon-side¬ 
band  laser  operation  of  a  bulk  GaAs  active  layer  in  the  size 
range  of  standard  double  heterojunctions  (L.,  —  1 500  A). 
While  these  heterostructures,  which  contain  a  large  quan¬ 
tum  well  coupled  to  a  thin  multilayer  array,  are  useful  in 
understanding  phonon-sideband  laser  operation,  they  are 
not  likely  to  be  the  most  efficient  lasers  because  of  the  artifi¬ 
cially  created  line  broadening  resulting  from  two  different 
quantum-well  sizes.  The  MO-CVD  QWH  wafers  used  in  this 
work  have  been  designed  to  optimize  the  auxiliary  phonon- 
generating  and  -reflecting  arrays  coupled  to  the  larger  GaAs 
quantum-well  active  layers.  The  optimization  has  been  ac¬ 
complished  by  choosing  the  array  layer  size  equal  to  the 
wavelengths  of  the  phonons  with  maximum  emission 
probability. 
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Data  on  spontaneous  and  stimulated  emission,  in  the  photon-energy  range  E,  +  5U-a,_0 
2  Kjj  £  Et ,  are  presented  on  Al,  Ga^,  As-GaAs  quantum-well  heterostructures  with 
Alt  Ga,_„  As  lx  ~  0.4— 0.5)  coupling  barriers  of  size  LB  -  40-70  A  and  GaAs  wells  of  size 
L,  ~  30-40  A.  For  L,  ,  LB  £  50  A,  Al-Ga  disorder  (clustering)  in  the  alloy  barriers  is 
consistent  with  the  observed  spectral  broadening  and  downward  energy  shift  of  the  con¬ 
fined-particle  transitions.  A  simple  substitution  of  binary  (AlAs)  for  ternary  (AlGaAs) 
barriers  eliminates  alloy  clustering  and  Its  effects,  and  makes  unambiguous  the  identifi¬ 
cation  of  clustering  in  alloy  barrters. 

PACS  numbers:  73.40.Lq,  7I.50.  +  t,  78.45.  +  h 

In  contrast  to  earlier  work,1*2  stimulated  emis¬ 
sion  has  been  observed  recently  at  energy  58w  ^ 
to  6JlwL0  below  the  confined-particle  transitions  of 
AljGa,. ,  As-GaAs  multiple-quantum-well  hetero¬ 
structures  (QWH)  with  narrow  wells  (L,s  50  A) 
and  narrow  alloy  barriers  (LB  s  50  A).  An  exam¬ 
ple  is  illustrated  in  Fig.  1,  a.  The  lowest  ener¬ 
gies  are  a  little  above  that  of  the  GaAs  energy 
gap,  Ef.  With  increased  pump  power,  stimulated 
emission  is  transferred  to  the  neighborhood  of  the 
confined-particle  states  [Fig.  1,  6].  In  this  paper, 
we  show  that  because  of  disorder  and  clustering 
in  the  narrow  ternary  barriers  (which  can  be  re¬ 
moved  by  the  use  of  binary  barriers,  AlAs),  a 
continuum  of  states  may  exist  in  the  QWH,  the 
lowest  with  energies  extending  down  to  the  band 
edge  of  pure  GaAs.  It  is  suggested  that  real  pho¬ 
non  transitions  take  the  electrons  down  to  these 
levels,  from  which  stimulated  emission  then  oc¬ 
curs.  With  higher  power,  emission  from  the  con¬ 
fined-particle  states  is  enhanced  and  electrons 
do  not  have  time  to  cascade  to  the  lower  levels. 

The  AJ^Ga,. , As -GaAs  quantum- well  heterostruc¬ 
tures  of  interest  here  are  grown  by  metalorganic 
chemical  vapor  deposition.3-4  Gas  flow  rates  and 


I '03 


layer  growth  times  are  electronically  controlled 
to  ensure  layer  reproducibility.  Growth  rates 
are  controllable  in  the  range  2-50  A,  sec  for 
GaAs  and  in  the  range  2.5-100  A/sec  for  AlGaAs 
(*  -0.40),  which  makes  it  practical  to  grow  lay¬ 
ers  as  thin  as  10  A.  The  first  layer  grown  on  the 
{100}  GaAs  substrate  is  a  GaAs  buffer  layer  to 
provide  a  good  crystallographic  surface  for 
succeeding  layers.  The  next  layer  is  a  relatively 
thick  (-1  pm)  AljGa^rAs  (,v~0.50)  confining  lay¬ 
er.  This  is  followed  by  the  QWH  active  region, 
which  consists  of  a  series  of  GaAs  quantum  wells 
and  AljGai-jAs  (or  AlAs)  barrier  layers.  The 
final  layer  is  a  second  relatively  thick  (-0.3  ^m) 
A^Ga^rA8  U~0-5°)  confining  layer.  All  layers 
are  undoped  (nt  -«„&  10l5/cm3).  Samples  for 
photoluminescence  experiments  are  prepared  by 
polishing  and  selectively  etching  off5  the  GaAs 
from  the  substrate  side.  Cleaved  portions  (20  — 
100 x  100-300  p m:)  of  the  remaining  thin  wafer 
(-1,3  pm  thick)  are  imbedded  for  heat  sinking 
into  In  under  a  sapphire  window  (77-K  experi¬ 
ments)4  or  into  annealed  Cu  inaer  a  diamond  win¬ 
dow  (300-K  experiments),'  and  are  pnutoexcued 
with  an  Ar'  (5145  A)  or  a  dye-tunable  (6540-A) 


r  1981)  The  American  Physical  Societi 


Volume  45,  Number  21 


PHYSICAL  REVIEW  LETTERS 


24  November  1980 


Energv  <eV) 


10  LO  LO  LO  LO 

t  rntoi  i  r 

jjx  . . in 


8.8  8.4  8.0  7.6  7.2 

Wavelength  (tO^tl 

FIG.  1.  Laser  spectra  (300  K)  of  a  photopumped  QWH 
grown  by  metalorganic  chemical  vapor  deposition  with 
an  active  region  consisting  of  six  ~  30  A  GaAs  wells 
and  five  ~  50  A  Alr  Ga(.r  As  (x  ~  0.40)  barriers.  The 
1  and  1'  markers  indicate  the  allowed  electron-to- 
heavy-hole  and  electron-to-light-hole  transitions,  re¬ 
spectively,  for  30  A  wells  separated  by  perfect  50-A 
barriers  (i.e.,  no  alloy  clustering).  The  1  and  T  (110) 
markers  indicate  the  lowest  transitions  of  a  110-A 
well.  Typical  cw  laser  operation  (a,  4.8*  103  W/cm2) 
occurs  slightly  below  the  1  (110)  marker,  while  the 
spontaneous  background  extends  to  higher  energy. 
Pulsed  operation  of  a  narrower  sample  (b ,  6.8*  10 1 
\V/cm:)  produces  lasing  at  the  expected  energy  of  the 
n  =  1  transition  (30-A  well) . 


laser. 

The  300-K  laser  data  of  Fig.  1  demonstrate  the 
range  of  laser  mode  energies  attainable  from  a 
QWH  with  an  active  region  consisting  of  six  L, 

-30  A  GaAs  quantum  wells  coupled  by  five  Efi~50 
A,  AIsGa^gAs  (x~0.4)  barrier  layers.  At  4.8 
xlO3  w/cm2  cw  excitation  (a),  a  39x110  ^m2 
sample  exhibits  laser  operation  at  a  ~  8560  A, 
which  is  in  the  anomalous  range  ~5ftwL0  lower  in 
energy  than  the  lowest  (n  =  1)  confined -carrier 
electron -to-heavy-hole  ie-hh)  or  lowest  in’  =T) 
electron-to-light-hole  {e-!h)  transitions  of  ~  30 
A  GaAs  quantum  wells  coupled  by  ideal  (micro¬ 
scopically  uniform)  -50  A,  Al.Ga^As  (x-0.4) 
barriers.  By  exciting  narrower  samples  at  high 
level,  we  observe  laser  emission  as  high  as  1.63 


eV  (A  -7600  A)  as  is  shown  by  the  23x94  ^m2 
s-impie  of  curve  b  (6.8 xlO9  W  cm:,  pulsed).  This 
high  emission  energy,  which  is  expected  (£,-30 
A),  serves  to  identify  the  lowest  confined-carrier 
transitions  («  =  1, n'  =  l')  of  an  ideal  structure. 

Alloy  clustering  in  the  AljGa^jAs  barrier  lay¬ 
ers,  which  is  a  form  of  disorder  and  is  inevitable, 
allows  further  interpretation  of  these  spectra.  In 
the  extreme  case  of  very  large  scale  clustering, 
which  would  allow  GaAs  to  extend  across  a  bar¬ 
rier  (-50  A)  and  connect  two  or  even  more  wells, 
the  carrier  recombination  can  approach  £,(GaAs) 
or  A  -8707  A  (300  K).  Even  for  a  smaller  average 
cluster  size  it  is  possible  that  regions  exist  in 
the  AljGa^jAs  barriers  where  the  A1  concentra¬ 
tion  is  nearly  zero.  The  resulting  local  potential- 
well  size  is  effectively  increased  from  £,-  30  A 
to  as  much  as  L,  +  L B  +  L,~  110  A.  The  location 
(energy)  of  the  lowest  confined-carrier  transi¬ 
tions  of  a  -110-A  GaAs  quantum  well  are  also 
labeled  in  Fig.  1.  Note  that  alloy  clustering  in 
the  barrier  layers  sufficient  to  create  GaAs  paths 
through  the  A^Ga^^As  barriers  is  expected  to 
have  a  drastic  effect  in  broadening  and  lowering 
the  energy  spectrum  of  this  quantum  system.  For 
example,  the  n  =  1  confined-electron  state  shifts 
downward  by  -140  meV  for  a  size  shift  from  £, 
-30  A  to  Lt  +  L  B  +  L,~1\0  A. 

A  result  of  this  shift  is  that  the  density  of  states 
of  a  QWH  with  alloy  clustering  in  the  barriers 
will  not  exhibit,  an  abrupt  step  to  zero  at  energies 
below  the  lowest  confined-particle  states  of  an 
ideal  structure.  Instead,  the  density  of  states  is 
expected  to  be  small  but  significant  below  these 
“lowest”  confined-carrier  states,  and  then  drop 
to  zero  for  energies  less  than  £, (GaAs).  Besides 
depending  upon  the  barrier  size  LB,  the  exact 
form  of  the  density  of  states  will  depend  on  the 
average  cluster  size,  the  form  of  the  cluster  size 
distribution,  and  on  the  composition  x  of  the  Al,  - 
Ga,_,As.  Also,  cluster-induced  quantization  in 
the  x,  y  dimensions  will  play  a  role. 

These  additional  lower-energy  states  are  ex¬ 
pected  to  play  an  important  part  in  radiative 
emission  from  a  QWH.  The  existence  of  small 
areas  or  patches  within  the  active  region  with 
lower-energy  states  (areas  that  increase  in  num¬ 
ber  with  the  number  of  barriers)  increases  the 
probability  of  LO-phonon-assisted  recombination 
processes9  at  energies  Ew.  >&<*>£,  since  vir¬ 
tual  transitions  are  no  longer  required.  Instead, 
real  transitions  in  this  range  at  multiples  of 
-Awuj  below  the  n-1  and  n'  *1'  transitions  of  the 
£,-30  A  well  are  possible. 


Volume  45.  Number  21 


PHYSICAL  REVIEW  LETTERS 


24  November  1980 


Further  evidence  for  alloy  clustering  in  the 
AlxGa,_,As  barriers  is  shown  (Fig.  2)  by  the 
form  of  the  high-level  spontaneous  emission  spec¬ 
tra  of  a  two-well,  one -barrier  (,v  ~0.5)  QWH  (a 
different  QWH  wafer)  with  all  three  layers  -40  A 
thick.  Note  that  in  this  case  the  barrier  size  is 
smaller  (40  A)  and  approaches  and  helps  identify 
the  average  cluster  size.  As  in  Fig.  1,  the  con¬ 
fined-carrier  transitions  of  the  ideal  Lt~  40  A 
quantum  well  and  also  of  the  larger  L,  +LB  +  L, 
-120  A  composite  quantum  well  are  labeled  in 
Fig.  2.  The  two  samples  (a,  4*  IQ4  W,  cm2,  90 
*360  ^m2;  b,  105  W  cm2,  56x195  pm2)  exhibit 
very  similar  spectra  as,  in  fact,  do  all  of  the 
samples  from  this  wafer.  A  large  peak  in  the 
range  of  n'  =  1'  is  observed.  The  emission  does 
not  drop  to  zero  just  below  the  n  =  l  e  —  Mi  transi¬ 
tion.  as  would  be  expected  in  the  ideal  c  luster - 
free  limit,  but  extends  downward  in  energy  to 
nearly  the  location  of  the  n  =  1  (120)  and  /a'  =  1' 
(120)  transitions,  which  are  near  a  distinct  shoul¬ 
der  in  the  emission.  An  increase  in  the  barrier 
thickness  to  ~  70  A  results  in  cutoff  of  most  of 
this  lower  energy  emission.9  As  the  barrier 
thickness  Ls  is  decreased  from  -70  A  (Ref.  9)  to 
-50  A  (Fig.  1)  to  -40  A  (Fig.  2)  and  approaches 
the  average  cluster  size,  tunneling  filaments  are 
likely  to  appear  in  the  A^Ga^^As  barriers, 
which  results  in  a  major  increase  of  the  effective 
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FIG.  2.  Photoemission  (77  K1  of  two  QWH  samples 
with  active  regions  consisting  of  two  40-A  GaAs  wells 
icoarated  by  one  40-A  AI,  Ga,.,  As  ( x  -  0.50!  barrier. 
These  spectra  (a,  4*  102  W 'em  ;  h,  10'  W/cm-'  ex¬ 
hibit  a  peak  near  the  n'  =  1'  transition  of  a  40-A  well, 
with  omission  extending  to  lower  energy.  Note  that 
this  emission  rolls  off  near  the  lowest-enenry  transi¬ 
tions  of  a  composite-layer  120-A  well,  indicated  by 
the  1  and  I'  (120!  markers. 


well  dimension  from  ~L,  to  ~Lt-  L  B  +  L,.  The 
observation  of  spectra  such  as  those  of  Fig.  2  al¬ 
low  an  estimate  to  be  made  of  the  cluster  size 
(s.40  A). 

Further  300-K  laser  data  on  a  29-barrier,  30- 
well  L,~  30  A,  Lb  -  50  A  superlattice  structure 
(not  shown)  demonstrate  that  laser  operation  be¬ 
low  E,  is  also  attainable.  This  fact,  along  with  re¬ 
cent  laser  data  on  QWH’s  consisting  of  a  large 
quantum  well  (or  in  some  cases  a  bulk  layer)  coup¬ 
led  to  a  phonon -generating  and  -reflecting  array 
of  smaller  quantum  wells,8  indicate  that  virtual 
phonon-assisted  recombination  processes  with  K- 
<  Et  can  occur  and  are  not  inconsistent  with  the 
present  data.  Alloy  clustering  (in  ternary  bar¬ 
riers)  .  however,  allows  actual  states  to  exist  be¬ 
tween  the  bulk  band  edge  and  the  lowest  quantum 
states  characteristic  of  an  ideal  QWH  and  thus 
permits  real  phonon  processes  to  scatter  the  elec¬ 
trons  to  lower  energies  before  recombining. 

It  is  worth  mentioning  that  a  reinterpretation  of 
previous  investigations  of  disorder  scattering10'12 
indicates  that  cluster  models  might  have  to  be  in¬ 
volved  to  explain  successfully  the  experimental 
results  for  electron  mobilities  in  III- V  alloys. 

For  example,  negligible  alloy  scattering  seems 
to  exist12  in  In^Ga.As  and  strong  alloy  scatter¬ 
ing  in  the  quaternary  system  Inl.IGaIP1_<As1,13 
which  (for  the  latter)  cannot  be  explained  on  the 
basis  of  random-compositional-disorder  models 
alone.  In  addition,  these  models  do  not  take  into 
account,  in  detail,  the  peculiarities  of  crystals 
such  as  AljGa^^As  or  GaAs,.,?,  that  undergo  a 
direct-indirect  transition  in  the  range  x  =xc  =  0.4- 
0.5,  nor  whether  such  crystals  are  particularly 
prone  to  clustering.  It  is  also  worth  mentioning 
that  data  are  not  presently  available  indicating 
how  sensitive  cluster  formation  is  to  the  specific 
process  (vapor-phase  epitaxy,  liquid-phase  epi¬ 
taxy,  molecular -beam  epitaxy)  used  to  grow  a 
in-V  alloy. 

In  any  case,  the  basic  features  of  the  Al.Ga^^As 
alloy  clustering  described  above  are  clear  since, 
besides  the  data  of  Figs.  1  and  2,  simple  sub¬ 
stitution  of  binary  barriers  (including  very  nar¬ 
row  barriers,  ~I0  A)  for  the  ternary  barriers 
employed  here  eliminates  recombination  below 
the  expected  (ideal)  confined-particle  transitions 
of  a  QWH.  These  further  data  are  shown  in  Fig. 

3,  which  is  for  the  case  of  a  QWH  with  twelve 
GaAs  wells  (L,~ 50  A)  interleaved  in  the  active 
region  with  thirteen  binary  (nonclustered)  AlAs 
barriers  [L  b~  10  A).  The  laser  operation  of  the 
sample  (50  *90  ^m2)  occurs  exactly  on  the  n=  1, 
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FIG.  3.  Photoluminescence  (laser)  spectra  (77  K)  of 
a  QWH  sample  with  an  all-binary  (cluster-free)  active 
region  consisting  of  twelve  ~  SO-A  GaAs  wells  alter¬ 
nating  with  thirteen  '•  10-A  AlAs  barriers.  The  ex¬ 
citation  power  densities  are  high  (~  10s  W/cm:)  since 
absorption  of  the  incident  pump  beam  (X„  ~  6540  A) 
occurs  only  at  the  50- A  GaAs  wells.  Spontaneous  (a) 
and  stimulated  (b,c>  emission  occur  only  on  the  n  =  1 
and  n'  =  1'  transitions,  and  not  at  lower  energy  as  in 
Figs.  1  and  2. 


e -hh  and  n'-l’,  e  —Ih  "bands"  with  no  recom¬ 
bination  radiation  between  E,  (A  ~8224  A)  and 
£/ A -7460  A),  and  with  only  minor  spectral 
broadening  just  below  E,  as  would  occur  for 
small  growth  fluctuations  in  layer  size. 

Finally  we  emphasize  that  the  consequences  of 
alloy  clustering  are  very  different  for  QWH  lay¬ 
ers  and  for  bulk  semiconductors.  In  a  bulk  m-V 
alloy  the  changes  in  the  scattering  rates  (e.g.,  de¬ 
crease  in  carrier  mobility)  due  to  clusters  are 
quite  small,10  whereas  in  layered  structures  size- 
quantization  effects  can  be  totally  destroyed.  It 
is  exactly  these  effects  of  size  quantization  that 
are  probed  with  QWH  laser  emission,  which  is 
therefore  a  sensitive  new  tool  to  investigate  clus¬ 
tering. 
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Low  temperature  (U.2-77  K)  photolurainescence  and  laser  data  on  metal- 
organic  chemical  vapor  deposited  A1  Ca  As-GaAs  quantum-well  hetero¬ 
structures  are  presented  that  exhibit  emission  peaks  between  the  lowest 
energy  confined-carrier  transitions  and  their  phonon  sidebands.  These 
data  indicate  the  involvement  of  the  two-dimensional  exciton  in  recom¬ 
bination  in  quantum-well  heterostructures. 


Although  confined-currier  as  well  as  phonon-  emission  in  the  range  En  •  *1 ' -FnvLo  f  hv  <  Er,>  is  shown 
assisted  recombination  transitions  have  been  in  Fig.l,  which  is  for  the  case  of  the  o-vell, 

identified  in  the  emission  spectra  of  quantum- well  5-barrier  Lz-120  A  wafer.  At  a  Ctf  photoexcitation 

heterostructure  (QWH)  lasers, a  number  of  (Ar+,  A -51h5  A)  level  of  100  W/cn2,  curve  a,  an 

unexplained  emission  peaks  still  remain.  While  emission  peak  at  1-3085  A  with  a  shoulder  3  at 

the  phonon-sideband  laser  operation  occurs  Ru^q-36  higher  energy  is  observed.  As  the  pump  power  is 

or  even  2x3o  aeV  lower  in  energy  than  the  lowest  increased  to  600  W/em2,  curve  b,  laser  operation 

(n=l)  confined-particle  transitions  (An=0),5  other  occurs  on  a  phonon  sideband  of  the  n'=l’  transi- 

spontaneous  and  stimulated  peaks  have  been  ob-  tion  (l'-LO),  i.e.,  below  peaks  A  and  B,  with  the 

served  in  the  range  (f.20  meV)  between  the  phonon  spontaneous  background  remaining  peaked  at  both 

peaks  und  the  lowest  confined-carrier  transitions.  1-8085  A  and  1-8020  A.  With  further  increase  in 

In  the  present  work  low  temperature  (L.2-77  K)  excitation  level  (c,  6.6x103  W/cm2,  pulsed 

phatoluminescence  and  laser  data  on  thin  (1. 3-1.5  excitation),  the  spontaneous  emission  spectrum 

yin)  rectangular  samples  of  MO-CVD  Al^Ga^.^As-GaAs  exhibits  a  noticeable  bump  or  replica  3t  longer 
quantum-well  heterostructures  indicate  the  involve-  wavelength  in  the  region  Ea-Hut-,  (A-L0)  and  EB-fiu»L0 
aent  in  recombination,  probably  with  phonon  (B-L0).  *** 

enhancement,  of  the  two-dimensional  exciton.  The  two  arrows  A  and  B  in  Fig.l  are  located 

Emission  spectra  on  two  different  M0-CVD  20  neV  and  13  meV  lower  in  energy  than  the  n»l 

iJ.xGij._xA3-GaAs  ^WH  wafers  are  presented.  Both  electron-to-hesvy  hole  (e-»hh,  n)  and  nW  electron- 

wafers  are  grown  on  (100)  CoAs  substrates  as  des-  to-light  hole  (e-*ih,n'  )  transitions,  respectively, 

crioed  elsewhere.  •  <  The  first  structure  consists  The  positions  of  the  n»l  and  n'*l'  transitions  have 

of  a  -1  ym  AljjGa^.jjAs  (r.-0.U2,  n<i~10  ^  con-  been  determined  by  calculations  based  on  measured 

rining  layer,  an  undoped  (n^-n^ilO-o  cra"3)  active  layer  thicknesses,  which  agree  with  the  U0-CVD 

region  consisting  of  6  Lz~120  *  thick  GaAs  layers  growth  calibration,  and  by  narrow-sample  photolumi- 
couplcd  by  5  -120  A  AlxGa^_xAs  (x-0.27)  layers,  nesccnce  data  that  distinctly  exhibit  laser  opera- 

and  a  second  -0.5  um  AlxGa2_xAo  (x-0.^2,  n^  -10^  tion  on  the  confined-particle  transitions.  (As 

cra-A)  confining  layer.  The  second  wafer  contains  a  examples,  see  Fig. 6  of  Ref.8  and  curve  c  in  Fig. 3 

-1  un  thick  AlxGai_xAs  (x-0.36)  confining  layer,  7  of  Ref. 9.)  The  20  meV  (A)  and  13  meV  (?.)  dovn- 

0X2'50  a  GaAs  layers  and  one  Lzi'200  A  GaAs  layer  chift3  are  the  expected  two-dimensional  free- 

vith  all  of  the  GaAs  quantum  wells  coupled  by  -50  A  exciton  binding  energies  for  electron-heavy  hole 
thick  AlxGn|_xAs  (x-0.37)  barriers,  and  finally  a  and  electron-light  hole  excitons,  respectively, 

ue-ond  0.3  ,n  thick  Alxna^_xAs  (x-0.36  confining  The  two-dimensional  binding  energy  of  the  exciton 

*^iC:  secon^  wafer  is  ur.doped  (nj-nafl0i3  i3  i,x  q,-tr,jcr  than  for  the  three  dimensional  caso'G.I 

cm"-).  The  substrate  GaAs  of  each  wafer  is  removed,  so  that 
and  the  remaining  thin  wafer  Is  cleaved  into  small 

rectangles  (20-50  yra  x  100-200  ym)  that  are  then  *  li(  13.6/e  ")(u/n  )  r.cV,  (1) 

imbedded  into  In  under  a  samphire  window  for  hent  £-<22  o 

sinking.  whore  - 

Ari  example  of  low  temperature  (U,2  K)  QWU  i/u  .  (i/n  )  +  (l/r^  ). 
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Energy  Ce V| 

1.50  1.54  1.58 


Wavelength  (lO^A) 


Fig. I  Photolurainescence  spectra  (4.2  K)  of  an  Al^Ca^  ^As-GaAs  multiple- 

quantuo-well  heterostructure  grown  by  metalorganic  chemical  vapor 

deposition.  The  active  region,  sandwiched  between  two  Al^Ca^^As 

(x-0.42)  confining  layers,  consists  of  six  120  A  GaAs  wells  separated 

by  five  120  A  A1  Ga,  As  (x'0.27)  barriers.  Low-level  CW  emission 
x  1-x 

2  2 

(10  W/cm  ,  curve  a)  occurs  primarily  at  energies  below  those  of 
the  lowest  confined-particle  transitions  Indicated  on  the  horizontal 

axis  by  the  heavy  (n-1,  e-*+ih)  and  light  (n'**l',  e-lh)  markers.  At 

•*  2  2 
slightly  higher  CW  excitation  (6.6x10  W/cm  ,  curve  b)  stimulated 

emission  occurs  an*T-0-phonon  energy  (Ru^q  •  36  meV)  below  the  n’-l' 

e-»th  transition,  as  indicated  by  the  LO  label.  With  pulsed  excitation 
3  2 

(6.6x10  W/cm  ,  curve  c)  the  omission  spectrum  from  the  same  sample 
shows  structure  at  still  lower  energy.  The  arrows  marked  A  and  B 
designate  energies  20  meV  below  the  n-1  e->hh  transition  energy  and 
13  meV  below  the  n'-l'  e*lh  transition  energy,  respectively.  Similarly 
the  arrows  marked  A-LO  and  B-L0  correspond  to  energies  36  meV  below 
those  designated  by  the  A  and  B  arrows. 
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Values  of  the  parameters  used  are:  m..  =  0.45 

n;(,"=0.087  n0,^3  aig*  =  0.0665  and  for 

the  relative  static  dielectric  constant  c  =  12.6. *5 
The  location  of  the  tvo  emission  peaks  A  and  E  are 
in  very  close  agreement  with  the  calculated  two- 
dimensional  exciton  energies.  Note  that  tvo  sepa¬ 
rate  exciton  peaks  are  expected  in  this  case  since 
at  kx  *  ky  =  0  (kI  =  1I/Lz  for  n=l)  the  light-  and 
heavy-hole  valence  bands  are  not  degenerate  as 
they  are  at  k=0  in  the  bulk  limit.  That  the  light- 
hole  exciton  location  is  in  better  agreement  with 
the  estimate  than  that  of  the  heavy  hole  could  be 
due  to  the  difference  in  the  extent  of  their  tvo- 
dir.ensionality.  An  electron-heavy  hole  exciton 
has  a  bulk  Bohr  radius  of  -120  A  while  the  electron- 
light  hole  exciton  has  a  bulk  Bohr  radius  of  -170  h. 
The  light-hole  exciton  is  thus  expected  to  be 
closer  to  the  tvo-dinensional  limit  than  the  heavy- 
hole  exciton.  The  low  energy  shoulder  observed  on 


curve  c  of  Kig.l  (between  arrows  A-L0  and  B-LO)  is 
in  the  range  hujg  below  the  A  and  B  emission  peaks 
and  could  be  a  pnonon  sideband  of  the  exciton 
emission  since  it  appears  only  at  higher  excitation 
level  when  the  phonon  density  is  expected  to  be 
quite  high. 

Emission  spectra  from  the  second  wafer,  which 
is  designed  with  a  7-well  phonon-generating  array 
(7  L-o‘50  A  CaAs  veils)  coupled  to  a  single  large 
veil “f Lzl-200  A), 9  are  shown  in  Figs. 2  and  3.  At 
low  excitation  level  (Fig. 2a,  10  W/ca2),  a  sponta¬ 
neous  peak  is  observed  -hu^Q  below  the  n'=l' 
transitions  of  the  50  A  wells,?  which  are  degene¬ 
rate  with  the  n’-3'  transition  of  the  200  A  well. 
Another  peak,  the  main  peak,  occurs  at  1-6260  A 
with  a  shoulder  at  1-8260  A  that  previously  has 
not  been  identified.  Upon  increased  excitation 
of  the  sample,  curve  b,  laser  operation  occurs 


Energy  (eV) 

1.54  T  .58  1.62 

— r  r~  r~ 

AlxGa^_xAs-GaAs  (7  +  8) 
x  -  0.32 
L„  -200  A  (1) 
Lz2~  50  A  (7) 


-10 — »4*~LO  ►{•.  -L0— »j 

a)  10  W/cm2  (CWI 


b)  2.5  X  104  (JT_) 


2  r  3-1  3*-V 

1 1  i  i  i  n  i  i  h C 

8.0  7.8  7.6 

Wavelength  (102M 


2  4  2 

Comparison  of,  CW  (10  W/cm  )  and  pulsed  (2.5x10  W/cm  )  emission 
spectra  (77  K)  of  a  photopumped  multiple-quantum-well  heterostructure 
with  an  active  region  composed  of  one  200  A  and  seven  50  A  GaAs  wells 
coupled  by  seven  50  A  Al^Ga^  ^As  (x~0.32)  barriers.  Note  the 
shoulder  (curve  a)  near  the  A  arrow,  which  is  located  20  meV  below 
the  lowest  confined-particle  transition  (n*l,  e**hh)  of  the  200  A  well. 
Pulsed  excitation  of  the  same  sample  (curve  b)  results  in  narrowly 
spaced  end-to-ond  laser  modes  (not  resolved  In  this  curve)  an  L0 
phonon  energy  below  the  n'*l*  c-»ih  transition,  and  widely  spaced 
edge-to-edge  usode3  at  approximately  the  same  energy  as  the  shoulder 
(and  the  A  arrow)  observed  on  curve  a. 
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4  SO 


Energy  (eV) 

1.48  1.50  1.52  1.54 


8.4  8.3  8.2  8.1  8.0 

Wavelength  (10^ A) 


Fig. 3  Stimulated  emission  (77  K)  of  a  sample  obtained  from  the  same  wafer 

described  in  Fig. 2.  The  relatively  high-level  pulsed  excitation 
5  2 

(10  W/cra  )  produces  emission  in  the  energy  range  between  the  lowest 
confined-particle  transitions  (n»l  and  n'“l')  and  an  LO  phonon 
energy  below  these  transitions,  allowing  observation  of  two  distinct 
*  sets  of  modes.  The  narrowly  spaced  end-to-end  modes  labeled  by 
(corresponding  to  the  sample  length,  160  pm)  occur  at  energies  in  a 
region  of  very  low  absorption.  For  emission  at  energies  higher  than 
20  meV  below  .the  n»l  e-dih  transition  (A  arrow),  absorption  is  stronger 
in  the  region  of  the  two-dimensional  exciton,  resulting  in  the 
widely  spaced  edge-to-edge  laser  modes  labeled  by  AX^  (corresponding 
to  the  sample  width,  46  pm). 


on  a  phonon  sideband  of  the  n'=l'  transition  of 
the  200  h  quantum  well9  and  also  -20  meV  below 
the  n=l  transition  (nodes  A).  Although  the  mode 
dotuil  is  not  resolved  in  the  figure,  the  phonon 
sideband  (l'-L0,  largest  peak)  loses  in  the 
ler.-tthwico  cavity  (narrowly-spaced  codes),  while 
the  laser  operution  at  A  occurs  in  the  odge-to- 
ed.ee  direction  of  the  rectangular  sample.  This 
differeccc  in  cavity  oscillation  for  a  rectangu¬ 
lar  sample,  excited  fully  across  its  width  but 
not  entirely  along  its  lcngiit,  Is  consistent  with 


a(EA)  >  o(En'=l'-n“Lo)-  Since  the  stimulated 
emission  on  peak  A  occurs  at  EA  <  E(.,  the  origin 
of  this  emission  cannot  be  confused  with  confined- 
carrier  transitions,  which  arc  all  above  and 
have  been  positively  identified  in  other  work. 9 
At  very  high  excitation  levels,  exeitcr.s  are 
not  expected  to  exist  in  simple  form.  At  large 
power  densities,  phonon  effects  are  expected  to 
be  large,  and  emission  below  the  confined-particle 
transitions  is  due  mainly  to  phonon-shifted 
recooblnution  from  the  lowest  energy  portions  of 
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the  n=i  subhand  of  the  200  A  veil. 9  This  does 
not  mean  that  exciton  absorption  in  the  unpumped 
regions  of  the  sample  can  have  no  effect  on  laser 
operation.  For  example.  Fig. 3  shows  the  high 
level  laser  operation  of  a  rectangular  sample 
from  the  sane  wafer  as  that  of  Fig. 2  (similar 
excitation).  A  continuous  set  of  laser  modes  is 
observed  in  the  36  aeV  range  from  the  n'=l'  tran¬ 
sition  of  the  200  A  well  down  to  the  phonon- 
sideband  of  the  n'=l'  transition.  Note,  however, 
that  the  cavity  oscillations  switch  rather  abruptly 
from  narrowly  spaced  modes  (Aij_)  to  widely  spaced 
codes  (AI2)  at  an  energy  slightly  higher  than  but 
very  near  A  (i.e.,  -20  raeV  below  the  n=l  confined- 
carrier  transition).  The  closely  spaced  modesty 
identify  laser  oscillations  along  the  length  of 
the  sample  while  the  broader  spaced  modes Aij  are 
due  to  oscillations  across  the  width.  This  switch 
in  the  cavity  oscillations  is  an  indication  of  a 
step  in  the  absorption  of  the  unexcited  portion 
of  the  sample. 

The  type  of  mode  behavior  shown  in  Fig. 3  in  the 
range  20  meV  below  the  lowest  confined-carrier  tran¬ 
sition  (n=l)  has  been  observed  also  on  samples  from 
other  QWH  wafers.  With  slight  modification  of  the 
pumping  beam  geometry  relative  to  the  sample ,  parti¬ 
cularly  for  a  single  200  A  GaAs  well ,1  *2  th'.s 
behavior  can  be  observed  to  extend  up  to  the  n=l 
confined-carrier  transition,  presumably  due  to  less 
absorption  on  the  exciton  compared  to  the  first 
subband.  For  the  samples  of  the  present  work  (Figs. 
2  and  3),  it  should  be  noted  that  the  phonon  genera¬ 
tion  in  the  7-well  array  is  very  efficient ,9  more  so 
than  for  a  single  200  A  GaAs  quantum  well.  Thus 
resonant  enhancement  involving  L0  phonons  should  be 
quite  significant  in  the  range  between  the  two- 
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dimensional  exciton  and  the  first  confined-carrier 
subband  of  the  auxiliary  2C0  A  GaAs  well,  which  is 
closely  coupled  to  the  phonon-generating  array. 

Two  more  items  are  worth  mentioning:  Tr.e  "E-" 
labels  in  Fig. 1-3  are  merely  references,  '..e  know 
from  other  work  that  by  simply  reducing  tr.e  GaAs 
well  size  the  recombination  at  Eg  can  be  cuz-off 
but  not  the  -20  meV  band  of  recombination  radiation 
located  just  below  the  lowest  confined-particle 
transitions.  The  second  is  that  for  a  variety  of 
reasons  the  exciton  band  below  the  lowest  recom¬ 
bination  transitions  (1,  1')  is  not  expected  to  be 
as  narrow  or  as  sharp  as  for  the  bulk  crystal  case. 
Various  scattering  and  relaxation  processes  over  a 
considerable  energy  range  play  a  role,  as  veil  as 
poorly  understood  high-density  particle  interactions 
In  addition,  the  particle  distribution  across  the 
GaAs  well  is  not  uniform  nor  the  effect  of  the  con¬ 
fining  layers,  and  thus  the  degree  of  two-dimensional 
shift  in  exciton  binding  energy.  Also,  if  coupled 
wells  are  employed,  they  are  not  expected  to  be 
totally  identical.  Nor  are  the  wells  (single  or 
multiple)  necessarily  entirely  planar.  Finally,  it 
is  worth  mentioning  that  the  narrowest  QWH  recombi¬ 
nation  lines  are  observed  on  phonon  sidebands 
(Eq-FiidLo  or  E^i-Bulq)  of  the  lowest  confined- 
particle  transit:’ or.s. 
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Abstract— The  threshold  current  density,  ytk,  of  a  quantum-well  laser  diode  is  calculated  taking  into  account  the 
quasi-two-dimensiona!  nature  of  the  heterostructure.  The  calculated  value  of  7,K(D  for  a  quantum-well  laser  diode 
is  found,  in  agreement  with  experiment,  to  be  less  temperature  sensitive  than  that  of  a  conventional  double 
heterojunction  laser.  The  step-like  densities  of  states  and  the  perturbed  (hot)  carrier  distribution  of  a  quasi-two- 
dimensional  structure  are  responsible  for  the  weaker  temperature  dependence.  Supporting  data  on  quantum-well 
AI,Gai-,As-GaAs  heterostructure  laser  diodes  grown  by  MO-CVDare  presented  showing  that  in  the  conventional 
expression  T,h(  T)  =*  /,„(())  exp  ( 77  To),  T,  can  be  as  high  as  ~437°C. 

introduction  carrier  distributions  have  been  used  in  previous  analyses. 

Although  the  study  of  quantum  size  effects  (QSE)  in  The  use  of  a  quasi-two-dimensional  active  region  in  a  laser 

solids(l).  including  semiconductors  [2],  is  not  particularly  diode  produces  fundamental  changes  in  this  model.  Below 

a  new  area  of  investigation,  quantum-well  laser  diodes  expressions  for  the  temperature  dependence  of  /,h  for  a 

(which  exhibit  QSE)  have  existed  only  since  1977(3).  quantum-well-heterostructure  are  determined  assuming  a 

Two  kinds  of  quantum-well  heterostructure  laser  diodes  constant  density  of  states  in  the  limits  of  strong  and  weak 

have  been  constructed,  the  first  in  the  InP-  electron-electron  interactions.  Experimental  evidence  for 

In,-„Ga.Pi-,A$:(3,4]  system  and  the  second  in  the  the  weak  dependence  of  7lh  on  temperature  is  presented  for 

more  highly  developed  Al„Ga,-rAs-GaAs  system[5-7).  single-quantum-well  heterostructure  diodes  with  GaAs 

In  the  case  of  the  latter,  continuous  room  temperature  regions  of  thickness  L ,  -  200  A. 

(CW,  300°K)  laser  operation  has  been  achieved  in  both 

single[6]  and  multiple-quantum-well  heterostructures (7),  model 

which,  with  promising  reliability  data{8),  indicates  that  The  electronic  energy  spectrum  of  a  confined  carrier  in 
this  form  of  laser  diode  is  practical  and  more  than  a  a  thin  GaAs  layer  sandwiched  between  AlGaAs  confining 
curiosity.  layers  has  been  shown  by  absorption  mea$urements[15] 

The  quasi-two-dimensionaJ  nature  of  quantum-well  to  correspond  to  that  expected  of  a  one  dimensional 

heterostructures  introduces  several  unique  features  to  finite  square  potential  well  defined  by  the  GaAs  and 

semiconductor  laser  operation;  A  step-like  density  of  AlGaAs  band  edges.  Additionally,  and  of  more  im- 

states  replaces  the  usual  bulk-crystal  parabolic  density  of  portance  to  this  work,  radiative  recombination  from  the 

states,  and  phonon  participation  in  recombination,  which  lowest  confined-particle  transitions  of  a  quantum-well 

is  not  important  below  the  bulk-crystal  band  edge,  plays  hetero-structure  can  be  moved  up  in  energy  as  high  as 

an  observable  role  in  quantum-well  lasers[9, 10).  Among  - 150  meV  above  hu  ~  E,(L,  -  50  A),  which  agrees  with 

other  effects,  the  step-like  density  of  states  of  a  quan-  calculations  (16).  The  parabolic  energy-band  dispersion  in 

tum-well  heterostructure  changes  the  basic  form  of  the  the  x-y  plane  normal  to  the  direction  of  quantization 

current  threshold  for  laser  operation.  Experimental  data  results  in  a  constant  density  of  states 

show  that  the  current  threshold,  /,„(  T),  of  a  quantum-well 

laser  diode  is  less  temperature  sensitive  than  that  of  the  *  mlJ(rrb2L,)  (1) 

typical  double  heterojunction(7, 11).  In  this  paper  the 

step-like  density  of  states  of  a  quasi-two-dimensional  for  each  subband.  As  shown  in  Fig.  1 ,  the  first  step  in  the 

heterostructure  is  shown  to  be  the  basis  of  this  improved  density  of  states  begins  at  the  lowest  confined-electron 

temperature  behaviour.  state  and  is  followed  by  another  subband  (step)  with  a 

The  temperature  dependence  of  theshold  current  constant  (upward.  E  t )  block  of  states,  etc.  This  behaviour 

density  is  sensitive  to  both  the  form  of  the  density  of  states  also  applies  to  heavy  holes  and  to  light  holes  t  E  i )  as  is 

and  the  carrier  (electron  and  hole)  distribution  functions,  clear  from  the  lower  part  of  Fig.  1. 

Previous  analyses  of  /,„(n  have  employed  a  parabolic  The  energy  distribution  of  electrons  in  the  quantum 
density  of  states!  12)  to  model  a  bulk  semiconductor  while  well  during  laser  operation  is  difficult  to  calculate.  Elec- 

band  tail  effects  have  been  incorporated  in  the  form  of  a  irons  (and  holes)  cascade  down  (up)  the  quantum  well 

Gaussian  (13)  or  exponential  (14)  distribution.  Fermi-Dirac  by  phonon  emission  and  thermaiue  by  electron- 
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Fig.  1.  Density  of  states  diagram  for  electrons.  ami  holes.  £«, 
for  an  AI.Ga,.. As-GaAs  quantum-well  heterostructure.  The 
half-parabolas  that  originate  from  the  conduction  band  edge  Ec 
and  valence  band  edge  E,  correspond  to  the  densities  of  state  of 
bulk  crystal  (thickness  L  s  500  K).  The  step-like  densities  of 
states  are  characteristic  of  a  two-dimensional  or  quantum-well 
structure  (e.g.  L.  «  200  A).  Also  shown  is  the  downward  scatter¬ 
ing  of  electrons  via  L 0  phonon  emission  (curved  arrows,  energy 
increments  hu^u)  in  a  quantum-well  heterostructure  and  in  a 
bulk  semiconductor. 

electron  interactions.  In  the  limit  of  strong  electron- 
electron  interaction  a  Fermi-Dirac  distribution  is 
established: 

/,(«)=  1/(1+ exp  (e-F,)}.  (2) 

where  <  and  Fc,  the  electron  quasi-Fermi  level,  are 
normalized  to  kTc.  T,  is  the  electron  temperature,  which 
is  always  higher  than  the  temperature  of  the  crystal 
lattice.  A  method  to  calculate  Te  has  been  described  by 
Shah  [17).  Applied  to  the  quantum- well  case,  this  method 
gives  Tc  »  300  K  also  for  rather  low  lattice  temperatures. 

Next,  in  the  limit  of  weak  electron-electron  inter¬ 
action,  a  distribution  function  composed  of  "spikes" 
spaced  htoLO  -  36  meV  apart  is  expected  because  of  the 
strong  polar  optical  phonon  scattering.  (This  can  be 
easily  seen  from  the  Boltzmann  equation  if  only  scatter¬ 
ing  by  optica]  phonons  is  important.)  These  spikes  should 
occur  at  the  locations  of  the  arrow  heads  shown  in  Fig.  I. 
The  curved  arrows  represent  the  process  of  electrons 
cascading  downward  by  emission  of  LO  phonons. 
Modeling  these  spikes  as  delta  functions  results  in  the 
following  form  for  the  distribution  function 

/,(•)  -  $  CmBU  -  [A£  -  «*«Lo]/l*rc J),  (3) 


where  the  Cm  are  constants  determined  by  the  scattering 
rates,  and  normalization,  and  r  =  int(A£r/ta>io).  The 
experimental  basis  for  this  model  is  shown  in  Fig.  2  of 
Ref.  1 10],  which  shows  laser  emission  peaks  spaced  at 
intervals  above  the  bottom  of  the  lowest  energy 
subband.  That  these  peaks  are  not  associated  with  higher 
energy  subbands  is  based  on  the  fact  that  the  next 
highest  energy  subband  step  is  higher  in  energy  than  the 
GaAs  L  minima.  Since  eqn  (3)  is  just  a  weighted  sum  of 
delta  functions,  it  is  sufficient  to  consider  one  of  them  to 
determine  the  form  of  the  temperature  dependence  of 
J,h.  Taking  the  spike  with  lowest  energy,  we  simplify  eqn 
(3)  to 

/,(«)  =  {(imL,h2)l(m*kTc)}SU  -  [A£c  -  rkio^0]HkTc\), 

(4) 

where  n  is  the  electron  density  in  the  well. 

Since  the  valence-band  discontinuity  (A£v  =  A £„  - 
A£c)  between  AlGaAs  and  GaAs  is  of  the  order  of 
-  Aoilo.  the  hole  distribution  function  is  expected  to  be 
close  to  a  Fermi-Dirac  distribution  even  for  weak  hole- 
hole  interaction.  Thus  we  assume 

/„(«-£)=  1/{1  +  expte  -  £  -  F„)}.  (5) 

The  hole  quasi-Fermi  level.  F„.  is  normalized  to  kTc  and 
is  measured  with  respect  to  the  minimum  of  the  lowest 
energy  confined-electron  state.  Of  course,  generally  the 
hole  temperature  is  not  equal  to  Tr,  but  the  use  of  T*  for 


Fig.  2.  Normalized  threshold  current  density  as  a  function  of 
temperature  for  three  single-quantum-well  AI,Ga(.,As-GaAs 
heterostructure  laser  diodes  with  GaAs  active  regions  of  size 
L,  -200  A.  The  solid  lines  represent  the  least  squares  fit  of  the 
data  to  the  expression  /m(D»d«,(0)exp(77T(,).  The  device  of 
curve  (a)  demonstrates  that  values  of  T0  as  high  as  43TC  are 
possible  in  quantum-well  diodes.  The  decreased  temperature 
dependence  of  in  all  three  diodes  is  consistent  with  calculated 
exprestioRS  for  /»(T). 
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the  hole  temperature  would  give  only  more  complicated 
expressions  and  no  important  new  features.  Therefore 
we  assume  7V  =  T,. 

Using  the  densities  of  states  and  distribution  functions 
described  above,  we  calculate  (assuming  A/i  =  0  tran¬ 
sitions)  the  net  rate  of  stimulated  emission,  /■„(£),  and 
the  rate  of  spontaneous  emission.  r,„(E),  using  the  “no 
k-selection-rule"  model  of  Lasher  and  Stem  [12].  Thus 

CE-E ,k 

r„(E)  =  kTe  B  Jo  d egc(e)g.(e-E){fr(e) 

- /„(*-£ )}  (6) 

r„iE)  =  kTcB  ^  degc(e)gL(e  -  E) 

x  {I -/,.(« -£)}/,(«)  (7) 

R,p=kTc  j’d£r„(E).  (8) 

where  B  is  related  to  the  average  of  the  matrix  element 

squared.  £lh  is  the  energy  difference  between  the  lowest 
energy  confined-electron  and  confined-hole  states,  and  E 
is  the  photon  energy. 


ANALYSIS 

Following  the  method  of  Adams  [14],  we  begin  with  the 
rate  equations  for  the  electron  density,  n,  and  the  num¬ 
ber  of  photons.  ;VM,  in  the  A/th  lasing  mode  or 

dnldt  =  JHeL,)-  RJi}-lmN„r„(E„ML  WL,  <P(E)} 

19) 

dNJdt  =  -  NJr„  +  (L  WL,  R„)IM' 

+  {NU  r„(£w)}/<W£).  (10) 

where  r>  is  the  internal  quantum  efficiency  of  the  spon¬ 
taneous  radiation,  m  is  the  number  of  lasing  modes,  L 
and  IV  are  the  length  and  width  of  the  device,  rM  is  the 
photon  lifetime  in  the  lasing  mode,  and  M'  is  the  num¬ 
ber  of  spontaneous  modes.  The  number  of  modes  per 
unit  energy  per  unit  volume  is  given  by 

Q{E)*{n,E*)l{w1h3c}},  (11) 

where  ii  is  the  refractive  index.  For  simplicity  one  lasing 
mode  is  assumed  (m  -  1)  and  since  M'  is  typically  quite 
large,  the  second  term  on  the  right  side  of  eqn  (10)  is 
neglected.  Now  a  steady  state  condition  is  assumed  so 
that  at  threshold  the  two  rate  eqns  (9)  and  (10) 
become: 

J,*  =  RveLJi,  (12) 

r„(£M)-<W£)/TM.  (13) 

These  two  equations  contain  two  unknowns,  r„(EM)  and 
R,„  which  contain  the  unknown  quasi-Fermi  levels  F, 
and  F„  F,  and  F,  can  be  used  to  relate  r„(£*)  and  R„ 
so  that  an  expression  for  can  then  be  obtained. 


(a)  Strong  electron-electron  interaction  iFermi-Dirac 
distribution I 

In  the  limit  of  strong  electron-electron  interaction 
eqns  (1),  (2)  and  (3)  can  be  used  in  eqns  16)  and  <7)  and 
result  in 

r„  =  -  kTcBgcg*  ■  In  A  (14) 

r,f  =  ~{kTcBgcgv  In  A]/{1  -exp(£'  +  FI- Fc)}.  (15) 

where 

A  ={[exp(£.)  +  exp(£')][exp(£[+  £')+ 1]]/ 

{[exp(F[+F)  +  exp(£')][exp(Ft.)+ 1)(  (16) 

and  where  FL  *  F„  +  £„,,  E  •  E  -  £,h.  and  a  ■  Fc  -  F[. 
In  order  to  calculate  R,„  In  A  is  approximated  in  a 
piecewise  linear  fashion,  giving 


=  0E  for  £'  **  0 

(17a) 

=  (£'  -  a)/2  for  E’  =  a 

(17b) 

=  £'-ln(y)  for  E’>a. 

(17c) 

where 

$  ®  [exp  ( F[)/[exp  ( F[ )  +  1  ]  -  exp  ( Ff  )/[exp  ( Fc )  +  I  ]} 

(18) 

and 

yw[l+exp(-F[)][l+exp(Fc)].  (19) 

Typically  F[=»  0  and  Fr  >  I  so  that  0  =•  -  1/2.  Evaluation 
of  eqn  (8)  yields 

R„  »(krr)JSgrg,{3a/4  +  exp(-a)[2a+  1  —  In  (y)] 

-(0a2)/[8(l  -exp(-a))]}.  (20) 

If  the  exponential  term  in  eqn  (20)  dominates,  we  are  left 
with 

R, P  *  {kT')*Bg'gv[la  exp  (-  a)].  (21) 

This  gives  the  strongest  temperature  dependence  of  the 
threshold  current.  As  can  be  seen  from  the  following,  the 
threshold  current  is  almost  independent  of  temperature  if 
the  a1  term  dominates.  We  now  have  to  express  r„  as  a 
function  of  the  quasi-Fermi  levels,  eliminate  these  terms, 
and  solve  for  Jo,.  This  can  easily  be  done  numerically. 
However,  an  explicit  solution,  which  contains  all  the 
essential  features,  can  be  obtained  by  assuming  that 
£n>«I2,  so  that 

r«  (£*#)■(  k  7V  )Bgtg.al4.  (22) 

Relating  eqns  (12)  and  (13)  through  eqns  (21)  and  (22) 
results  in  the  following  expression  for  /,*: 

Jo,  -  [l8»L,«(£)]/[ijrMlK*re)  exp(-  T*l  7V).  (23) 
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where 

T*  =  \A<UE))l\kBMcT„].  (24) 

Thus,  in  the  limit  of  a  strong  electron-electron  inter¬ 
action.  h  varies  linearily  tor  weaker)  with  T.  for  large 
Tt.  Note,  however,  that  as  mentioned  earlier  the  carrier 
temperature,  Tc,  depends  only  weakly  on  the  lattice 
temperature,  T.  for  high  densities  of  electrons  scattering 
down  in  the  quantum  well  by  phonon  emission.  The 
result  is  a  very  weak  dependence  of  Tlh  on  lattice  tem¬ 
perature. 

It  is  difficult  to  assess  which  of  the  two  effects  (the 
step-like  density  of  states  or  the  higher  carrier  tem¬ 
perature.  Tc)  reduces  the  temperature  density  of  d,K 
most.  Comparing  the  result  of  eqn  (23)  with  the  cal¬ 
culations  of  Adams  [1 4]  for  exponential  band  tails,  we 
find  a  much  weaker  temperature  dependence  for  the 
case  of  the  step-like  density  of  states  even  if  Tc  =  T.  the 
lattice  temperature.  The  difference  between  eqn  (23)  and 
similar  calcalculations  for  a  parabolic  density  of  states 
(3-D)  is  less  pronounced.  However,  the  parabolic  density 
of  states  gives  still  a  stronger  temperature  dependence. 

The  electron  temperature  Tc  is  determined  mainly  by 
the  power  input  per  cm3  which  is  of  the  order  of 
10'°  Watts/cmJ  for  an  active  layer  width  of  100  A.  Under 
these  circumstances  the  electron  temperature  can  be 
shown  to  be  larger  than  about  200  K  no  matter  how  smalt 
the  lattice  temperature  [10].  For  lattice  temperatures 
around  300  K  electron  temperatures  of  350-400  K  are 
typically  expected.  Accurate  calculations  are  difficult  to 
perform,  however,  because  of  many  uncertainties 
concerning  the  phonon  distribution  function  and  scatter¬ 
ing  rates. 

(b)  Weak  electron-electron  interaction  ( S-f unction  dis¬ 
tribution) 

In  the  limit  of  a  weak  electron-electron  interaction, 
eqns  (I),  (4)  and  (5)  can  be  used  in  eqns  (6)  and  (7)  and 
yield 

rJE)  =  kTrBgcg.{[{mL,h1)l(m*kTc)\ -  F)  (25) 

rtp(£')  =  kT,8gegA(trnL,h")ll'tt*kTe)}{\  +  exp  (FL  +  £' 

-  (A£- Mo,,. oWT,  ])}-'•  (26) 

(Since  T,  has  been  assumed  (after  eqn  5)  equal  to  7V, 
for  simplicity  and  to  follow  convention  the  symbol  Tc  is 
used  in  the  expressions  of  this  section.) 

The  integrated  spontaneous  emission  rate  is  then 

R„  *  k  Tc  Bgcg,  { irnL,h3lm  *} 

In  (1  *  exp  (-£[■*■  (if,  -  rrto»i.o]/(fc7V])}.  (27) 

The  easiest  case  to  evaluate  is  for  small  £«  so  that 

ruiEli) »  BgrgJ  tmL,tii)lm*.  (28) 

Equations  (12)  and  (13)  may  be  related  in  this  limit  by 
eqns  (27)  and  (28)  yielding  for  |FC|<(A£c-rA*>u>)/*r, 


x(kTc)lnll  +  exp(A£r  - Huula)UkTr)].  (29) 

Again  it  can  be  seen  that  /,h  varies  approximately 
linearily  with  Tc  and  thus  only  very  weakly  with  the 
lattice  temperature. 

EXPERIMENT 

That  the  threshold  current  density  of  quantum-well 
heterostructure  laser  diodes  is  relatively  insensitive  to 
temperature  variation,  as  indicated  by  eqns  (23)  and  (29), 
is  demonstrated  by  7,h(  T)  data  on  diodes  with  single 
layer  (L,  -200  A)  active  regions.  As  described 
previously [5. 6],  these  heterostructures  consist  of  five 
epitaxial  layers  that  are  grown  by  metalorganic  chemical 
vapor  deposition  (MO-CVD)  at  ~750°C  employing 
growth  rates  of  -  0.25  nm  min.  In  the  present  work 
diodes  are  fabricated  from  a  wafer  with  the  following 
layers:  (1)  ~-2/im  GaAs:Se  (nd  -  10'*/cm3),  (2) 

-  2^m  AlrGai-,As:Se  (x  0.52,  na  ~2x  10l7/cm3),  (3) 

~20OAGaAs  (nd  -  n„  «  10l5/cm5).  (4) 

-  I  /im  AllGai-,As:Zn(x~0.52,/t„  ~2x  I0‘7/cm3),  and 
(5)  -  1  /xmGaAs:Zn  (n„  -~2x  I0"7cm3).  The  first  layer  is 
grown  on  an  n-type  (100}  GaAs:Si  substrate.  The  quan¬ 
tum-well  wafer  is  fabricated  into  stripe  configuration 
diodes  that  are  capable  of  continuous  room  temperature 
operation  [6. 7], 

Threshold  current  density  for  these  diodes  is  deter¬ 
mined  by  emission-intensity  vs  current-density  measure¬ 
ments  made  at  8  heat-sink  temperatures  between 
-45°C  and  +45°C  with  the  heat-sink  temperature  held 
stable  to  within  iOi'C.  Laser  threshold  is  defined  as  the 
intercept  of  the  linear  extrapolation  of  the  high  level 
emission  segment  of  the  emission  vs  current  curve  with 
the  current-density  axis.  To  avoid  heating  effects,  the 
diodes  are  pulse  excited. 

The  variation  in  threshold  current  density  as  a  function 
of  heat  sink  temperature  for  three  single-quantum-weil- 
heterostructure  diodes  is  shown  in  Fig.  2.  In  order  to 
compare  the  temperature  dependence  of  J,h  for  these 
devices  with  that  of  regular  double-heterojunction  (DH) 
diodes,  the  solid  lines  of  Fig.  2  represent  the  least- 
squares  fit  of  the  data  to  the  conventional  expression 

7»>( T)  -  J,h(0)  exp  ( 77 T0)  (30) 

that  is  used  to  characterize  DH  performance.  A  high 
value  of  T0  is  a  figure  of  merit  of  relative  temperature 
insensitivity.  For  conventional  DH  diodes  To  is  in  the 
range  120-I65“C(18].  Note  that  in  quantum-well  struc¬ 
tures  To  values  as  high  as  437°C  (a)  can  be  observed, 
with  7i«200“C  being  reproducibly  attanable.  For  (b) 
and  (c)  of  Fig.  2  T0  is  lower  than  for  (a).  This  is  thought 
to  be  a  consequence  of  a  shallow  Zn  diffusion  process 
that  was  applied  to  the  wafer  of  diodes  (b)  and  (c)  to 
attempt  improvement  of  the  p-type  diode  contacts.  It  is 
possible  that  the  quantum-well  heterostructure  wafer 
was  damaged  during  the  diffusion  process. 

CONCLUSION 

An  analysis  of  the  threshold  current  density.  flh(T), 
for  the  case  of  a  quasi-two-dimensional  active  region 
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typical  of  a  quantum-well  heterostructure  laser  diode  has 
been  presented.  In  this  analysis  a  step-like  density  of 
states  has  been  used,  and  not  the  usual  bulk-crystal 
parabolic  density  of  states,  which  does  not  fit  quantum- 
well  heterostructures.  Two  limiting  cases  of  weak  and 
strong  electron-electron  interaction  of  the  injected  car¬ 
riers  have  been  considered.  In  both  limits  the  threshold 
current  density  has  been  found  to  vary  approximately 
linearly  with  carrier  temperature,  and  to  be  only  weakly 
dependent  on  lattice  temperature  which  agrees  with 
experiment.  Data  on  single-quantum-well  AI.Ga^.As- 
GaAs  heterostructure  diodes  (L,~200A)  have  been 
presented  showing  that  in  the  conventional  expression 
JjT)  =  J,dO)exp{T!T0)  the  temperature  parameter  T0 
can  be  as  high  as  at  least  43TC. 
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Data  are  presented  on  photopumped  metalorganic  chemically  vapor-deposited 
Al,Ga,  _  ,  As-GaAs  quantum-well  heterostructures  with  active  regions  consisting  of  a  large 
GaAs  quantum  well  (£2l  —200.  500  A)  coupled  to  a  phonon  generating  array  of  seven  small 
GaAs  wells  (L.,  —  50  A).  Phonon-sideband  laser  operation  below  the  confined-carrier  transitions 
of  the  large  GaAs  quantum  well(s)  is  induced  by  the  large  number  of  phonons  generated  in  the 
smaller  GaAs  wells.  The  induced  phonon-sideband  laser  operation  (of  a  larger  quantum  well  by 
an  array  of  smaller  wells)  leads  to  a  measurement  of  the  energy  difference  between  the  first-state 
light-  and  heavy-hole  energies  of  a  200- A  GaAs  quantum  well  (4.9  meV)  and  directly  to  the  GaAs 
LO-phonon  energy  &uLO  is 41.0  —4.9  =  36.1  meV. 

PACS  numbers;  42.55Px.  78.55.  -  m.  71.38.  +  i.  81.1 5Gh 


In  contrast  to  the  usual  bulk  crystal  form  of  double¬ 
heterostructure  (DH)  lasers,  quantum-well  heterostructures 
(QWH's),  as  recently  shown,'""  are  capable  of  laser  oper¬ 
ation  on  phonon  sidebands.  This  is  a  consequence  of  the  qua¬ 
si-two-dimensional  nature  of  quantum-well  heterostruc¬ 
tures  and  their  steplike  density  of  states.2  5 "  In  previous 
work  the  possibility  has  been  raised  that  stimulated  phonon 
emission  can  occur  in  QWH  lasers' 5 ■*’  and  should  be  most 
apparent  in  a  multiple-well  structure  that  forms  a  phonon 
resonator  or  cavity.  To  study  these  effects,  in  the  present 
work  we  have  constructed  (and  photopumped)  two  different 
metalorganic  chemically  vapor-deposited  (MO-CVD) 

Al,  Ga,  ,  As-GaAs  multipie-quantum-well  heterostruc¬ 
tures,  one  with  a  single  large  GaAs  well  of  size  L.  —200  A 
coupled  to  a  phonon  generating  array  of  seven  small  GaAs 
wells  of  size  L.  —  50  A)  and  the  second  the  same  in  form  but 
with  a  single  large  well  of  size  L.  —  500  A.  As  shown  below, 
in  both  heterostructures  laser  operation  is  observed  one 
phonon  below  the  lowest  confined-particle  states  of  the  large 
wells,  which  is  a  much  weaker  or  even  nonexistent  effect  in  a 
single-large-well  heterostructure,h  7  The  induced  phonon- 
sideband  laser  operation  of  the  larger  wells  leads  to  the  result 
&u,()  =  36.1  meV,  which  is  in  good  agreement  with  other 
measurements  of  &L„  (GaAs).K” 

The  Al.Ga,  _  ,  As-GaAs  QWH’s  of  interest  here  are 
grown  by  metalorganic  chemical  vapor  deposition l<M:  on 
1 100 1  GaAs  substrates.  Layer  reproducibility  is  insured  by 
electronically  controlled  gas  flow  rates  and  growth  times. 
Following  the  growth  of  a  GaAs  buffer  layer,  a  —  1-^m- 
thickAl,Ga,  . ,  As(.t  — O.35)confimng  layeris grown.  Next 
follows  the  multiple-quantum-well  active  region  as  de¬ 
scribed  above  with  Al,  Ga,  .  ,  As  barrier  layers  of  composi¬ 
tion  x  -0.32.  The  resulting  effective  electron  potential  in  the 
active  region  is  shown  in  the  inset  of  Fig.  1.  Last  is  a  -0.3- 
gmAl.Ga,  .  ,  As  confining  layer  (x  — 0.35)  like  the  first.  All 


layers  are  undoped  («,,  —  n,,  S  lO'Vcnv');  their  sizes  in  all 
cases  have  been  verified  by  SEM  photomicrographs  of  shal- 
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FIG.  1.  Emission  spectra  (77  Klofa  photopumped  multiple-quantum- well 
Al,  Ga,  ,  As-GaAs  heterostructure  grown  by  MO-CVD  The  rectangular 
sample  is  undoped  (ri.,  -  n  S  10'Vcm ‘land  contains  an  active  region  con¬ 
sisting  of  one  200-  and  seven  50-A  GaAs  wells  coupled  by  seven  50-A 
Al  Ga.  .  As  t.e- 0  321  barriers  as  illustrated  in  the  inset.  The  confined- 
electron  energy  levels  of  the  200- A  GaAs  well  (left-hand  side,  l-ni  and  the 
50-A  multilayer  (right-hand  side.  I  and  2)  are  shown  in  the  inset  With 
increase  in  photopumping  (X  -  5U5  A)  from  (a)  6.2  •  I04  W/cm;  totht 
7  0-  ID'  W  cm  the  n  =  I  transition  begins  to  lase  while  omutianeowlv  a 
spontaneous  bump  appears  (A. .  I  one  phonon  below  the  n  =  I  transition 
With  higher  pump  power  tc,  10’  A/em;l  the  induced  phonon-sideband 
transition  l-LO  also  lases. 
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FIG.  2.  Pulsed  laser  operation  (77  K)  of  the  same  sample  as  in  Fig.  I.  with 
the  excitation  adjusted  to  permit  observation  of  induced  phonon-sideband 
emission  Au, ,,  below  both  the  n  =  1  and  n'  =  r  transitions  [(a)  6,9  X  10* 
W/cm-'|  With  an  increase  in  pump  power  along  with  a  slight  adjustment  of 
the  excitation  spot  on  the  sample  the  1-LO  sideband  can  be  made  to  lase  [(b) 
1.7  x  10*  W/cm']  From  the  expanded  part  of  the  spectrum  in  the  inset  the 
light-hole-heavy-hole  energy  difference  is  determined  to  be  4.9  meV  for  a 
200- A  GaAs  layer  and,  as  shown,  Au10  =41.0  —4.9  =  36.1  meV. 

low-angle  cross  sections,13  which  agree  with  experimental 
observations  (spectra)  of  the  confined-particle  transitions 
(identified  on  narrow  samples  10-20  /tm).5  6 

The  MO-CVD  Al.Ga,  _  ,  As-GaAs  quantum-well  het- 
erostructures  described  above  and  shown  in  part  in  the  inset 
of  Fig.  1  are  a  design  modification  of  the  six- well  (L :  ~  50  A) 
quantum-well  heterostructure  corresponding  to  curve  (b)  of 


Fig.  1  in  Ref.  2.  These  and  related  data,2  5  as  well  as  recent 
analytical  results  and  further  data,M  show  that  the  nonther- 
mal  phonon  occupation  number  .V can.  in  quantum-well 
heterostructures,  be  increased  well  above  ( t  SOQx,  77  K)  the 
equilibrium  value.  This  behavior  has  a  profound  effect  in  the 
present  case  because  the  large  nonthermal  phonon  density 
generated  in  the  closely  coupled  small  wells  can  influence 
(stimulate)  phonon  generation  and  carrier  scattering  to  low¬ 
er  energies  in  the  larger  coupled  auxiliary  (or  “detector") 
quantum  well(s).  For  example,  a  highly  excited  large  lone 
quantum  well  delivers  recombination  radiation  from  collect¬ 
ed  hot  carriers  from  near  Eg  to  high  above  the  band  edge,  as 
high  as  —  300  meV,7  but  does  not  exhibit  equally  strong 
emission  below  the  lowest  confined-particle  states  (or  EK ) 
unless  assisted,  as  in  the  present  work  (Figs.  1-3). 

The  multiple-quantum-well  heterostructures  of  interest 
here  do  not  deliver  appreciable  recombination  radiation 
higher  than  one  phonon  below  the  lowest  states  of  the  small 
wells,  which  in  Figs.  1-3  is  at  A  —  7750  A  (or  Eg  -+-90  meV). 
The  coupled  small  wells  cut  off  recombination  from  higher 
in  the  larger  single  200-A  well  (Figs.  1  and  2)  or  single  500-A 
well  (Fig.  3).  Photogenerated  higher-energy  carriers  are  col¬ 
lected  (from  the  confining  layers)  in  the  active  region  and 
tunnel  into  the  small-well  section;  scatter  downward,  gener¬ 
ating  phonons  in  an  efficient  layered  structure  (seven  coup¬ 
led  50-A  GaAs  wells)  that  can  act  as  a  phonon  cavity2  5  6; 
and  then  at  much  lower  energy  tunnel  back  into  the  big  well 
for  further  scattering  and  recombination.  The  phonons  gen¬ 
erated  in  the  small-well  section  assist  the  further  downward 
scattering  in  the  single  large  well,  and  lead  to  the  unique 
form  of  low-energy  laser  operation  shown  at  A  s  834-3  A  in 
Figs.  1  and  2  and  A  ~8400  A  in  Fig.  3. 

The  data  of  Fig.  1  are  unique.  The  high-level  spontane¬ 
ous  emission  intensity,  obtained  by  photopumping  across 
part  of  the  width  of  a  rectangular  sample,1 25  h  is  given  by 
curve  (a).  When  the  photopumping  is  slowly  increased  from 
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FIG.  3.  Induced  phonon-sideband  laser  op¬ 
eration  (77  K)  of  a  500-A  GaAs  well  closely 
coupled  to  a  phonon-generating  multiple- 
quantum-well  heterostructure  consisting  of 
seven  GaAs  wells  coupled  with  50-A 
Al.Ga, .  .As  Cx-0.32)  barriers  (see  inset 
of  Fig.  I).  With  cw  excitation  [(a)  1.2X  10* 
W/cm:]  the  phonon  sideband  of  the  n  =>  1‘ 
transition  lases  from  end  to  end  along  the 
rectangular  sample  (254  x  59  nm:)  The 
emission  peak  at  4  —  7750  A  occurs  on  the 
phonon  sideband  of  the  n'  =  l1  transitions 
of  the  small-welt  section,  which  are  degener¬ 
ate  with  the  larger  well  n'  =  6'  transition. 
With  pulsed  excitation  of  5  x  10*  W/cm:  (b) 
the  sample  lases  on  1-LO,  l’-LO. 

2- LO,  2'-LO.  and  edge  to  edge  in  the  range 

3- LO  to  3'-LO.  A  narrower  sample  ((c)  23 
jrm.  8x  10*  W/cm1],  with  large  cavity  end 
losses,  shows  that  laser  operation  can  be 
forced  up  in  energy  to  the  confined  carrier 
transitions  while  phonon  sideband  emission 
is  still  observed  in  the  range  1-LO  to  I'-LO. 
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6.2  \  104  to  7.0  x  104  W/cm;,  a  single  laser  mode  emerges 
abruptly  on  the  first  electron-to-light-hole  ( n  =  1')  transi¬ 
tion  and  simultaneously  a  prominent  bump  appears  on  the 
(b)  curve  one  phonon  below  the  first  electron-to-heavy-hole 
(n  =  1)  transition  (£j  —  &yLO ).  At  still  higher  pumping  (c) 
the  rt'  =  l'  mode  still  predominates,  and  the  transition  at 
E i  —  narrows  into  stimulated  emission.  The  excita¬ 

tion  can  be  adjusted  on  the  sample  slightly,  giving  the  data  of 
Fig.  2.  The  n  =  1'  mode  is  still  identifiable  and  an  LO 
phonon  below  n '  =  f  and  below  n  =  1  two  bumps  appear 
due  to  rapid  light-hole-to-heavy-hole  relaxation  (—  10  “ 12 
s).  We  can  expand  this  portion  of  the  spectrum  (inset)  and 
measure,  accurately,  as  shown,  the  I'  —  I  spacing  and  in 
turn  the  LO  phonon  energy,  which  is 
feu,  0=41.0  -4.9  =  36.1  meV. 

It  is  clear  that  if  the  data  and  ideas  above  are  correct,  by 
merely  increasing  the  size  of  the  larger  well  we  should  be  able 
to  shift  the  lower  confined-particle  transitions  (to  still  lower 
energy)  and  with  them  the  induced  phonon-sideband  emis¬ 
sion  lines.  This  is  what  is  observed  in  Fig.  3  for  a  larger  well 
of  size  L.  ~  500  A.  At  a  fairly  high  level  just  above  the 
threshold  for  stimulated  emission  [(a)  1 .2  X  10J  W/cm*.  cw], 
!ength-to-length  (/  —  254 ^m)  laser  modes  appear  abruptly 
on  n'  =  F  (or  l'-LO).  Then  at  higher  pulsed  excitation  [(b), 
5  \  10J  W/cm;],  further  end-to-end  modes  appear  at  1-LO, 
2-LO.  2'-LO.  which  is  quite  remarkable,  and  still  one  more 
set  of  modes  appears  (edge  to  edge,  w  —  59  /im)  at  X  —  8260 
A.  which  is  in  the  range  one  phonon  below  transitions  3  and 
3'  These  transitions  (3,  3')  have  a  higher  density  of  states  and 
higher  oscillator  strength,  which  could  explain  their  involve¬ 
ment  in  edge-to-edge  laser  operation. 

Note  that  the  laser  emission  on  the  phonon  sidebands  in 
(b)  of  Fig.  3  is  the  dominant  recombination  radiation,  i.e.,  is 
not  a  weak  effect  if  the  sample  is  of  sufficient  size.  If  we 
reduce  the  sample  width  sufficiently  (toic~23/im)and  thus 
increase  the  cavity  end  losses,  as  in  Fig.  3(c),  the  main  laser 
operation,  on  widely  spaced  edge-to-edge  modes,  moves  up 
to  the  region  of  the  lowest  confined-particle  transitions  and 
the  band  edge,  which  is  nearby  ( —  2.4  meV).  Even  in  this 
case  weak  end-to-end  (/  — 21 1  ;tm)  laser  modes  are  observed 


in  the  region  l'-LO,  1-LO. 

We  interpret  the  unique  location  and  manner  of  turn-on 
of  the  spectral  bump  and  emission  line  marked  by  the  arrow 
in  Fig.  1  and  the  various  LO  arrows  on  Fig.  3(b)  as  a  sign  of 
stimulated  phonon  emission.  In  addition,  we  have  been  able 
to  measure  the  first-state  light-hole-heavy-hole  quantum- 
well  energy  separation  and  measure  directly  the  LO  phonon 
energy  in  GaAs  (AuLt)  =  36. 1  meV). 
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Hot  electrons 

in  layered  semiconductors 

The  size  of  semiconductor  devices  has  decreased  so  much  that 
classical  treatments  of  semiconductor  physics  become  invalid  and  effects 
involving  supra-thermal  electrons  take  on  a  new  importance. 

Karl  Hess  and  Nick  Holonyak,  Jr 


As  electronic  systems — and  especially 
computers — are  used  more  and  more 
widely  in  almost  all  areas  of  endeavor 
and  daily  life,  the  semiconductor  tech¬ 
nology  on  which  they  are  based  is  being 
pushed  to  ever  larger-scale  integration 
and  ever  greater  miniaturization.  As 
the  devices  get  smaller,  and  smaller, 
new  problems  (and  maybe  new  opportu¬ 
nities)  appear.1 

One  consequence  of  the  reduction  in 
size  is  that  the  fields  accelerating  elec¬ 
trons  and  holes  through  the  crystal 
become  very  large,  so  that  the  carriers 
acquire  large  kinetic  energies.  The 
equations  of  motion  for  an  energetic 
electron  in  the  lattice  can  be  apprecia¬ 
bly  different  from  Newton's  laws;  its 
(inertial)  mass  can,  for  example,  appear 
to  be  infinite  or  even  negative.  This 
has  nothing  to  do  with  relativistic  ef¬ 
fects  but  is  due  to  Bragg  reflection.  The 
non-linearity  of  the  equation  of  motion 
is  illustrated  in  figure  1,  which  shows 
lines  of  equal  energy  in  momentum 
space  (k-space)  for  the  semiconductor 
gallium  arsenide.2  For  a  free  particle, 
these  lines  would  be  circles,  as  they  are 
near  the  origin  in  figure  1,  because  the 
energy  depends  only  on  the  magnitude 
of  the  momentum.  The  complicated 
shapes  of  the  curves  for  large  k  indi¬ 
cates  that  the  relation  between  energy 
and  momentum  is  anisotropic  and  not 
quadratic.  Electrons  then  do  not  nec¬ 
essarily  move  in  the  direction  of  the 
electric  field  and  their  average  speed  is 
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not  simply  proportional  to  the  field 
strength;  that  is,  Ohm’s  law  breaks 
down.  We  shall  discuss  this  point  more 
extensively  later. 

To  illustrate  the  reduction  in  size 
that  has  accompanied  the  progress  of 
semiconductor  technology,  we  show  in 
figure  2  the  original  point-contact  tran¬ 
sistor  and  a  modern  layered  quantum- 
well  heterostructure.  (We  should 
point  out,  though,  that  the  point-con¬ 
tact  transistor  was  a  much  smaller 
device  than  the  junction  transistors 
that  were  subsequently  most  widely 
used  in  practical  devices.) 

As  we  mentioned,  the  electric  fields 
in  small  devices  can  become  very 
large.  If  we  assume  that  operating 
voltages  of  semiconductor  devices  are 
around  5  V,  then  the  maximum  electric 
fields  in  a  typical  device  of  twenty  years 
ago  was  on  the  order  of  10-100  V/cm. 
In  a  present-day  integrated  circuit  the 
average  fields  are  104  V/cm  and  maxi¬ 
mum  fields  are  an  order  of  magnitude 
larger.  At  such  Held  strengths  silicon 
and  germanium  become  non-Ohmic  at 
room  temperature.4  Fields  on  the  or¬ 
der  of  10s  V/cm  are  encountered  be¬ 
tween  neighboring  gates  of  charge- 
coupled  devices  and  in  quantum-well 
layered  devices.  Such  large  fields  may 
alro  be  approached  in  the  very-large- 
scale  integrated  circuits  that  are  now 
being  developed. 

At  fields  larger  than  1000  volts/cm 
the  charge  carriers  in  a  semiconductor 
are  accelerated  far  above  their  ther¬ 
mal-equilibrium  energy  (given  by  the 
lattice  temperature).  Under  these  cir¬ 
cumstances  so-called  "hot-electron  ef¬ 
fects"  become  important  and  many  of 
the  familiar  concepts  of  semiconductor 
physics  lose  their  validity.  In  this 


article  we  will  discuss  some  of  the 
effects  that  will  be  important  in  future 
very-large-scale  integrated  circuits  and 
in  optoelectronic  devices. 

Hot  electrons 

As  electrons  move  through  the  crys¬ 
tal  lattice,  they  interact  both  with  each 
other  and  with  the  lattice.  In  electron¬ 
ic  devices,  the  applied  electric  field 
supplies  energy  to  the  electrons.  If 
electron-electron  collisions  randomize 
the  carrier  energy,  one  can  define  a 
temperature  for  the  electrons  even  for 
very  high  fields.  This  temperature  T, 
is  always  higher  than  the  temperature 
of  the  crystal  lattice  TL.  The  differ¬ 
ence  between  and  Th  depends 
strongly  on  the  electric  field  (actually 
on  the  square  of  the  field  because  rever¬ 
sal  of  the  field  must  not  lead  to  negative 
temperatures)  and  on  the  details  of  how 
the  electrons  lose  their  energy.  In  all 
practical  cases  the  electrons  lose  their 
energy  to  lattice  vibrations.  We  thus 
have  a  picture  of  a  highly  mobile  fluid 
at  high  temperature  (the  "electron 
gas”)  moving  through  the  cooler  crystal 
lattice  and  losing  energy  to  it. 

We  know  that  conducting  wires  begin 
to  glow  if  too  much  energy  is  trans¬ 
ferred  from  the  electron  gas  to  the 
crystal  lattice.  We  would  like  to  em¬ 
phasize,  however,  that  even  if  the  lat¬ 
tice  remains  cold  (a  situation  that  often 
can  be  arranged),  the  temperature  of 
the  electrons  can  be  exceedingly  high 
and  cannot  be  controlled  by  any  cooling 
mechanism  (other  than  the  slow  heat 
loss  to  the  lattice).  A  typical  example 
would  be  a  piece  of  silicon,  let  us  say,  to 
which  an  electric  field  of  2xl04  V/cm 
is  applied;  the  electron  temperature 
rises  to  1000  K  no  matter  what  the 
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Surfaces  of  equal  energy  in  the  Brillouin  zone  of  gallium  arsenide  zone.)  Ohm's  Law  holds  only  for  electrons  at  the  lowest  energy  (dark 
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zone  is  the  hexagonal  area;  the  figure  shows  a  somewhat  extended  to  dark  red  in  steps  of  O.S  eV.  Figure  1 


temperature  of  the  surrounding  medi¬ 
um  or  heat  sink  attached  to  the  sam¬ 
ple.  One  consequence  of  this  rise  in 
temperature  is  that  the  conductivity 
drops  because  of  the  Bragg  reflection 
mentioned  earlier  and  because  hot  elec¬ 
trons  can  excite  more  lattice  vibrations 
than  cooler  (lower-energy)  electrons. 
The  electrons  are  thus  less  mobile, 
being  scattered  more  often.  The  con¬ 
ductivity  therefore  depends  on  the  field 
strength  and  Ohm’s  law  is  not  valid  at 
these  high  fields.  It  is  worth  mention¬ 
ing  that  the  heating  of  the  electron  gas 
(not  the  lattice)  is  very  fast:  Typically, 
the  time  constant  is  10" u  sec.4 

Keeping  the  electron  gas  in  equilibri¬ 
um  with  the  lattice  would  mean  using 
smaller  electric  fields.  As  the  devices 
get  smaller,  the  voltages  would  thus 
also  have  to  get  smaller.  However,  for 
various  reasons  it  is  unlikely  that  the 
supply  voltages  applied  to  semiconduc¬ 
tor  devices  can  be  reduced  below  one 
volt.  One  reason  is  the  variation  in 
threshold  voltages  of  the  component 
devices.  Another  is  that  the  built-in 
voltages  (or  potentials)  of  semiconduc¬ 
tor  devices  are  of  the  order  of  the 
semiconductor  energy  gap,  which  is  a 
property  of  the  crystal,  and  cannot  be 
scaled  down.  We  can  therefore  expect 
that  future  semiconductor  devices  will 
inevitably  involve  hot-electron  effects 
in  their  operation.  It  is  not  clear, 
however,  which  of  the  various  hot- 
electron  effects  will  be  most  important. 
Current  device  concepts  that  might 


involve  hot-electron  effects  are  carrier 
(electron  or  hole)  drift,  diffusion,  gen¬ 
eration-recombination,  and  thermionic 
emission  over  potential  barriers.5 

Clearly  it  will  not  be  possible  to  cover 
all  possibilities  in  a  short  article.  We 
therefore  concentrate,  as  examples,  on 
effects  specific  to  hot  electrons  in  po¬ 
tential  wells.  The  reason  for  this 
choice  is  that  with  shrinking  crystal 
size  the  charge  carriers  become  increas¬ 
ingly  confined  to  narrow  potential 
wells  as  defined  by  the  size  of  the 
components. 

Layered  devices 

To  illustrate  .he  effects  one  expects 
with  narrow  potential  wells  and  high 
electric  fields,  consider  the  layered 
structure  shown  in  figure  2.  The  gen¬ 
eral  properties  of  such  a  structure  are 
sketched  in  figure  3.  The  layers  could 
be  InP  and  InGaPAs  (as  in  the  sample 
shown  in  figure  2)  or  (as  in  figure  3) 
GaAa  and  Al.Ga,  _,As;  these  layers 
have  now  been  produced  by  several 
different  methods,  including  molecu¬ 
lar-beam  epitaxy,  metal-organic  chemi¬ 
cal  vapor  deposition  and  liquid-phase 
epitaxy.  The  layers  in  these  structures 
range  from  10-6  to  10_s  cm  in  thick¬ 
ness.  Such  structures  are  in  many 
ways  prototypes  of  a  variety  of  devices 
including  field-effect  transistors  and 
charge-coupled  devices. 

On  the  small  scale  of  these  layers, 
charge-neutrality  is  not  preserved  be¬ 
cause  electrons  move  from  one  layer 


into  another  without  creating  substan¬ 
tial  electric  fields,  that  is,  they  leave 
regions  of  high  potential  energy  and 
move  into  potential  minima. 

In  the  sandwich  shown  in  figure  3, 
AI,  Ga,  _  ,  As-GaAs-Alt  Ga,  _  ,  As,  the 
properties  of  the  electrons  change  sub¬ 
stantially  in  the  middle  layer: 

►  Because  of  the  constraining  AlGaAs 
layers  the  electrons  are  not  free  to 
move  perpendicular  to  the  layers  and 
hence  form  a  two-dimensional  gas.  As 
a  consequence,  their  minimum  energy 
(remember  the  famous  quantum-me¬ 
chanical  problem  of  a  particle  in  a  box) 
lies  above  the  GaAs  conduction  band 
edge  l£c).  We  refer  to  this  effect  as 
"size  quantization.”* 

►  The  electrons  in  their  motion  are 
scattered  either  by  lattice  vibrations 
(phonons)  or  by  various  impurity  cen¬ 
ters,  which  can  be  small  in  number  in 
the  GaAs.  The  “remote”  impurities 
(electron  donors  or  acceptors)  in  the 
layers  of  Ai,  Ga,  _ ,  As  do  not  influence 
the  electron  motion.  As  a  conse¬ 
quence,  the  electrons  in  the  GaAs  layer 
are  more  mobile  as  compared  to  bulk 
material  if  the  donors  are  mainly  in  the 
Al, Ga,  „,As  layers.  This  notion  was 
proposed  originally  by  Raphael  Tsu 
and  Leo  Esaki  (IBM)  and  recently  dem¬ 
onstrated  by  Raymond  Dingle,  Arthur 
Goesard,  Horst  Stormer  and  William 
Wiegmann  (Bell  Labs).7 

Less  well  known  than  the  impurity- 
scattering  case  above  is  the  fact  that 
the  scattering  of  electrons  by  lattice 


vibrations  also  is  different  in  layered 
structures  from  what  is  normally  ex¬ 
pected.8  As  an  example  consider  a 
GaAs-Ge  heterostructure,  that  is,  a 
germanium  layer  epitaxially  grown  on 
gallium  arsenide.  A  polarized  lattice 
vibration  propagates  in  the  gallium 
arsenide  and  creates  macroscopic  elec¬ 
tric  fields  that  extend  near  the  inter¬ 
face  into  the  germanium.  This  behav¬ 
ior  is  reminiscent  of  the  fringing  fields 
of  a  parallel-plate  capacitor.  The  fields 


fringing  from  the  gallium  arsenide 
scatter  the  electrons  in  the  neighboring 
germanium,  which  is  a  covalent  non¬ 
polar  material  and  normally  would  not 
exhibit  polar  scattering.  In  other 
words,  the  electrons  in  the  germanium 
are  scattered  by  the  “remote"  lattice 
vibrations  of  the  gallium  arsenide. 

In  some  systems  (such  as  the  InSb- 
SiO,  structures  designed  for  infrared 
applications)  the  remote  scattering 
mechanism  may  reduce  significantly 


the  interface  mobility  of  electrons  and 
hence  the  device  speed. 

Let  us  return  to  the  layers  of  GaAs 
and  Al,  Ga,  _ ,  As  (figure  3)  and  assume 
the  electrons  are  in  the  middle  layer 
(GaAs)  before  we  apply  an  electric  field 
parallel  to  the  interfaces.  As  long  as 
the  applied  electric  field  is  small,  the 
electrons  will  stay  in  the  GaAs.  For 
large  electric  fields,  however,  the  elec¬ 
trons  will  be  heated,  and  move  up  in 
energy,  and  finally  when  their  energy 
approaches  the  band  edges  in  the  sur¬ 
rounding  Al,  Ga,  _  ,  As,  they  can  trans¬ 
fer  out  into  the  adjacent  layers.  It  is 
clear  that  this  effect  has  a  close  analogy 
to  thermionic  electron  emission  out  of 
glowing  wires,  as  in  a  vacuum  tube,  or 
to  the  momentum-space  electron  trans¬ 
fer  that  occurs  in  the  Gunn  effect, 
which  is  the  basis  for  useful  microwave 
devices.  A  Monte  Carlo  simulation  of 
the  electron  trajectory  for  carrier 
transport  in  a  thin  (400  A)  GaAs  layer 
is  shown  in  figure  4.  For  an  under- 
critical  field,  the  electron  stays  in  the 
GaAs  well.  For  a  field  above  a  critical 
threshold,  the  electron  can  transfer  out 
into  the  surrounding  Al, Ga,  _ ,  As.  A 
variety  of  effects  perhaps  can  be  cre¬ 
ated  using  the  mechanism  of  hot-elec¬ 
tron  transfer  out  of  thin  layers.9  Some 
of  these  have  just  recently  been  verified 
experimentally. 

Very-large-scale  integration 

At  this  point  let  us  turn  to  more 
established  ground  and  consider  the 
hot-electron  effects  that  occur  in  very- 
large-scale  integrated  circuits.  Tak  H. 
Ning  at  IBM  has  shown10  that  in  the 
metal-oxide-semiconductor  system  (so 
important  in  present-day  integrated 
circuitry)  electrons  can  be  emitted  from 
silicon  into  the  silicon  dioxide  over 
potential  barriers  that  are  quite  large. 
In  the  silicon  dioxide  the  electrons  are 
finally  trapped  and  give  rise  to  unwel¬ 
come  changes  in  the  interface  poten¬ 
tial,  causing  instabilities  in  the  device 
performance.  These  effects  occur  on 
long  time  scales,  but  are  important  in 
general. 

An  even  more  pronounced  example 
is  the  so-called  “buried-channel  struc¬ 
ture,"  which  is  diagrammed  in  figure 
5.  This  structure  was  conceived  to 
avoid  trapping  of  electrons  at  the  sili¬ 
con-silicon-dioxide  interface.  The  cru¬ 
cial  feature  is  that  of  an  ion-implanted 
layer  which  creates  the  potential-ener¬ 
gy  profile  shown  in  the  lower  part  of 
the  figure.  As  in  the  case  of  the  GaAs- 
AlGaAs  layers  discussed  above,  the 
electrons  are  at  minimum  potential 
energy  (between  x„  and  xh)  far  away 
from  the  silicon-silicon-dioxide  inter¬ 
face.  Structures  such  as  this  are  used 
for  charge-coupled  devices  and  metal- 
oxide- semiconductor  transistors.  If 
we  now  shrink  the  device,  we  obtain 
much  higher  electric  fields,  which, 


Evolution  of  the  size  of  electronic  devices,  (a)  Original  transistor  patent  of  John  Bardeen 
and  Walter  8rattain:  The  germanium  crystal  is  about  0.1  -0.5  cm  m  size,  while  the  spacing 
between  the  emitter  and  the  collector  (labelled  5  and  S)  is  considerably  smaller,  (b)  Layered 
structure'  a  quantum-well  heterostructure  laser,  ot  inGaPAs  quaternary  compounds  grown  by 
liquid-phase  epitaxy.  To  illustrate  the  layer  sizes,  leukemia  viruses  of  about  500  to  1000  A 
diameter  are  shown  superimposed  on  the  crystal  layers.  Figure  2 
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when  the  device  is  in  operation,  accel¬ 
erate  and  heat  the  electrons.  The  con¬ 
sequence  is  that  electrons  can  be  ther- 
mionically  emitted  to  the  interface, 
again  as  occurred  for  the  GaAa-Al- 
GaAs  layers.  The  device  then  loses  its 
advantage  of  being  a  buried-channel 
device;  we  have  reached  a  limit  in  how 
much  we  can  reduce  the  size  of  the 
device. 

Of  course,  high  electric  fields  also 
influence  the  electron  drift  within  the 
potential  wells  themselves,  even  before 
thermionic  emission  occurs.  In  metal- 
oxide-semiconductor  devices,  there¬ 
fore,  the  drift  velocity  of  electrons  al¬ 
ways  saturates  with  increasing  electric 
field.  The  reason  for  this  is  the  en¬ 
hanced  scattering  of  hot  electrons  by 
lattice  vibrations,  as  has  long  been 
known. 

The  mechanisms  described  above 
have  drastic  effects  on  device  proper¬ 
ties.  We  should  also  expect  a  dramatic 
influence  of  high  fields  on  carrier  diffu¬ 
sion.  Steep  concentration  gradients 
and  high  electric  fields  totally  invali¬ 
date  the  basic  concept  of  particle  diffu¬ 
sion  as  described  by  the  classic  Einstein 
relation,  D  =  fikT/e.  Preliminary  in¬ 
vestigations  show  that  the  usual  diffu¬ 
sion  constant,  D,  has  to  be  replaced  by  a 
rather  complex  expression  even  if  the 
device  is  large  enough  that  the  electron 
is  not  able  to  traverse  it  without  colli¬ 
sions,  which  clearly  violates  the  basic 
ideas  about  diffusion  . 1 1  This  brings  us 
to  the  limiting  size  of  small  devices:  If 
we  shrink  the  size  still  further,  how 
long  do  we  have  enough  electrons  to 
apply  familiar  statistical  concepts,  and 
what  is  the  limit  of  size  for  ballistic 
transport  of  charge  carriers?  That  is, 
where  does  the  semiconductor  become 
like  a  vacuum  for  the  electron?  The 
answers  to  these  questions  are  urgently 
needed;  a  number  of  commercial  semi¬ 
conductor  products  touch  these  borders 
already,  and  clearly  many  more  will  in 
the  near  future. 

Before  turning  to  opto-electronic  lay¬ 
ered-structure  devices,  specifically 
quantum-well  lasers,  which  so  clearly 
show  a  strong  deviation  from  bulk  crys¬ 
tal  behavior,  we  summarize  in  the  box 
on  the  right  the  deviations  from  well- 
known  physics  and  engineering  princi¬ 
ples  that  we  expect  for  small  devices. 
We  cannot  give  a  comprehensive  de¬ 
scription  of  all  the  effects  we  list.  We 
have  discussed  quantization,  velocity 
saturation,  and  hot-electron  emission. 
The  overshoot  effects  listed  in  the  box 
are  connected  with  energy  and  momen¬ 
tum  relaxation  by  collisions.  Some  of 
the  effects  (such  as  the  Franz-Keldysh 
effect)  have  been  known  for  a  long  time 
but  up  to  now  have  been  unimportant 
in  device  applications.  The  rest  are 
connected  with  the  unusual  boundary 
conditions  (interfaces)  in  small  devices 
and  layers,  and  with  the  small  number 
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of  charge  carriers  and  impurities  in  the 
extremely  small  volume.1 

Opto-electronics 

So  far  we  have  discussed  hot-electron 
effects  that  are  driven  or  engendered 
by  an  applied  electric  field,  as  in  a 
transistor  or  Gunn-effect  oscillator. 
As  a  prototype  for  various  forms  of 
semiconductor  lasers,  and  perhaps  oth¬ 
er  optoelectronic  or  integrated-optics 
devices,  let  us  assume  that  the- middle 


Effects  expected 
for  small  devices 

Drift 

Deviations  from  Ohm's  Law 
Saturation  of  current 
Velocity  overshoot 
Ballistic  transport 

Mobility  increased  or  decreased  by  size  ef¬ 
fects  (remote  point  charges,  phonons) 
Scattering — high  electric  fields 
Generation  of  high  phonon  intensities 
Diffusion 

Hot-electron  diffusion  and  invalidation  of 
the  Einstein  relation 

Enhancement  of  diffusion  constant  by  high 
electric  fields 
Anisotropy  of  diffusion 
Diffusion  and  reduced  dimensionality 
Diffusion  overshoot 

Carrier  generation  and  recombination 
Poofe-Frenkel  enhancement  of  emission 
out  of  potential  wells  (traps) 

Hot  electron  "thermionic"  emission 
Effects  of  hot  electrons  on  the  Lax  cas¬ 
cade  mechanism 
Franz-Keldysh  effect 
Impact  ionization  (inverse  Auger  proces- 
sess)  can  determine  ultimate  limits  of 
speed,  and  so  forth. 

Generation-recombination  noise  for  non¬ 
stationary  case  (Langevin) 

Size  effects 

Size  quantization  (two-dimensional,  one¬ 
dimensional  electrons) 

Quantum  resonances 
Interfaces,  surfaces,  metal  boundaries  and 
influence  of  these  boundaries  on  impor¬ 
tant  semiconductor  parameters. 

Image  force  (metal  boundaries) 

Non-ideal  interfaces 
Contacts  as  boundaries 
Density -size  relations 
Steep  concentration  gradients  and  high 
electric  liefds.  (See  diffusion) 

Alloy  effects  (atom  disorder) 

Low-level  radiation  effects  (a-partides 
from  package) 

Interconnection  problems  (sheet 
resistance) 
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Layered  structure,  consisting  of  gallium  ar¬ 
senide  and  aluminum  gallium  arsenide.  The 
graphs  show  the  impurity  doping  concentra¬ 
tion,  the  carrier  mobility  and  the  energy  of  the 
edge  of  the  conduction  band  of  this  modula¬ 
tion-doped  structure.  Figure  3 
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Electron  motion,  computed  by  a  Monte  Carlo 
simulation,  in  a  potential  well  formed  by  • 
gallium  arsenide  layer.  The  wells  are  broad 
enough  (400  A)  that  they  show  no  effects  duo 
to  size  quantization.  On  the  left  the  field 
strength  is  2  kV/cm.  below  the  threshold  for 
jumping  out  of  the  well;  on  the  right  the  field  iei 
8  kV/cm.  Figure  4 


A  buried-channel  metai-oxlde-semlconductor  structure.  The  structure  of  the  device  is 
shown  in  the  upper  diagram.  The  graph  below  shows  the  potential  as  a  function  of  depth.  Cold 
electrons  reside  at  the  potential-energy  minimum,  between  x,  and  x„.  If  the  electrons  become 
“hot"  (because  of,  say.  high  electric  fields),  they  can  spread  to  the  interface,  that  is.  they 
overcome  the  potential  barrier  AVS .  Figure  5 


layer  of  GaAs  in  figure  3  is  200  A  thick 
and  that  the  Al, Ga,  ,tAs  layers  on 
either  side  are  0.5-1  micron  thick.  If 
we  put  the  structure  in  contact  with  a 
good  heat  sink  and  photopump  it  with 
an  intense  light  source,  electrons  and 
holes  are  generated  in  the  Al,. 
Ga,  _  ,  As  layers  and  will  be  collected 
(in  a  very  short  time)  in  the  GaAs 
potential  well.  Relative  to  the  bottom 
of  the  GaAs  well,  however,  these  elec¬ 
trons  are  “hot,”  that  is,  they  are  high 
above  the  GaAs  band  edge  Ec  in  energy 
and  can  either  scatter  downward  to  the 
bottom  of  the  GaAs  well,  releasing 
lattice  vibrations  (phonons)  in  the  pro¬ 
cess,  or,  while  still  hot  and  high  in  the 
well,  they  can  recombine  with  holes, 
releasing  high-energy  photons  (red,  not 
the  usual  infrared  of  bulk  GaAs!).  This 
is  a  remarkable  effect;  a  crystal  system 
that  normally  (in  bulk)  emits  infrared 
light,  when  made  into  a  quantum  well, 


emits  (via  the  recombination  of  hot 
electrons  and  holes)  true  red  light.12"'4 
This  is  shown  in  figure  6  by  the  laser 
emission  near  70Q0  A. 

The  hot-carrier  red-light  emission 
from  GaAs  shown  in  figure  6  was  first 
observed  by  Robert  Kolbas  and  Holon- 
yak12  on  quantum-well  crystals  first 
grown  by  their  coworkers  at  Rockwell 
International,  Russell  Dupuis  and  Dan¬ 
iel  Dapkus  and,  later,  James  J  Cole¬ 
man.  We  should  mention  that  the 
quantum-well  structure  that  emits  the 
red  light  (as  well  as  the  longer-wave- 
length  infrared  laser  light)  of  figure  6 
can  be  constructed  by  putting  doped  p- 
type  material  on  one  side  of  the  GaAs 
quantum-well  and  n- type  on  the  other 
side;  it  then  operates  as  a  unique  form 
of  injection  laser  a  hot-carrier  quan¬ 
tum-well  semiconductor  laser. 

It  is  also  possible  to  insert,  or  couple 
together,  more  than  one  quantum  well 


in  the  center  of  the  structure  as  the 
layered  structure  of  figure  2  shows.  In 
that  case,  the  hot-carrier  collection  and 
the  downward  scattering  into  the  quan¬ 
tum  wells  can  be  much  more  efficient. 
If  the  number  of  these  quantum  wells  is 
not  too  great  and  the  wells  are  not  too 
thick,  say  six  wells,  each  50  A  thick,  one 
can  observe  still  another  important 
effect  at  sufficient  excitation  (photo¬ 
pumping  or  current  excitation):  The 
hot  carriers  scatter  down  towards  the 
bottom  of  the  quantum  wells  and,  in¬ 
stead  of  recombining  at  the  first  (low¬ 
est)  quantum  states  of  the  coupled 
GaAs  wells,  the  carriers  will  scatter 
down  even  further  and  produce  laser 
emission  on  a  phonon  sideband. 

Just  as  the  collection  and  the  scatter¬ 
ing  of  hot  carriers  to  lower  energy  in  a 
layered  structure  is  improved  when 
more  than  one  quantum  well  is  em¬ 
ployed,  carrier  scattering  to  lower  ener¬ 
gies  in  a  single  potential  well  is  con¬ 
strained — and,  in  fact,  makes  possible 
the  hot-carrier  electron-hole  recombi¬ 
nation  observed1215  over  the  unusually 
large  wavelength  range  of  figure  6.  If 
the  rather  large  (200  A  thick)  well  that 
produced  this  spectrum  is  reduced  in 
thickness  to  much  under  100  A,  then 
the  size  constraint  does  not  permit 
carriers  to  scatter  down  to  the  lower 
quantum  states  before  recombination 
occurs.  When  a  single  potential  well 
becomes  as  small  as  80  A,  the  highly 
mobile  electrons  can  travel  all  the  way 
across  the  potential  well  before  collid¬ 
ing  with  the  lattice.  For  excessively 
thin  layers,  then,  the  hot  electrons  tend 
to  travel  right  across  the  very  narrow 
well  instad  of  scattering,  losing  energy, 
and  descending  into  the  well.1®-17 

If  these  ideas  and  observations  have 
much  validity,  it  should  be  possible  to 
verify  them  by  still  other  means.  Hot 
carriers  lose  energy  by  collisions  with 
the  crystal  lattice,  thereby  converting 
some  of  their  energy  to  increased  lat¬ 
tice  vibrations,  or,  equivalently,  an  in¬ 
creased  phonon  density.  The  process  is 
strong  when  the  coupling  between  the 
charge  carriers  and  the  lattice  vibra¬ 
tions  is  strong.  The  electron-phonon 
coupling  can  be  screened  by  introduc¬ 
ing  a  large  background  of  free  carriers 
into  the  crystal,  such  as  a  large  number 
(10‘*/cm3  or  more)  of  positive  holes — 
which  can  be  introduced  by  diffusing 
zinc  atoms  to  serve  as  acceptors  into 
the  layered  structure.  The  screening 
is  such  a  powerful  effect  that  when 
carried  out  on  the  ssunple  that  pro¬ 
duced  figure  6,  the  weakening  of  the 
electron-phonon  interaction  almost 
cuts  off  the  carrier  scattering  into  the 
well;  the  hot  carriers  no  longer  scatter 
into  the  (rather  large)  quantum  well, 
and  the  laser  spectrum  vanishes.17 

We  have  to  construct  a  much  bigger 
active  region  to  be  able  to  see  that  the 
zinc  doping  merely  screens  the  elec- 


Stimulated  emission  due  to  the  recombination  of  photogenerated  hot  electrons  and  holes  in  a 
200  A  thicK  GaAs  quantum  well.  The  hot-camer  emission  occurs  high  in  the  quantum  well  above 
the  the  GaAs  energy  gap  (£, ),  in  the  visible  (red)  portion  of  the  spectrum.  This  visible  radiation 
is  possible  only  from  such  a  thin  (quantum-well)  layer.  Figure  0 
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Comparison  of  laser  spectra  of  (a)  an  un¬ 
doped  and  (b)  a  zinc-doped  (hole  density 
10'9/cm3)  layered  heterostructure  consisting 
of  six  1 20- A  GaAs  quantum  wells  coupled  by 
live  120-A  AIGaAs  barriers.  In  (a)  the  photo¬ 
generated  hot  carriers  thermalize  to  low  ener¬ 
gy  while  with  the  zinc  impurity,  in  (b),  the 
electron-phonon  interaction  is  screened,  so 
the  earners  remain  hotter  and  recombine  at 
higher  energy  (100  meV).  Figure  7 


tron-phonon  interaction  and  does  not 
in  fact  damage  the  layered  structure, 
and  thus  "kill”  the  light  emission  of  the 
GaAs  quantum  wells.  The  screening 
effect  of  the  doping  is  seen  in  figure  7. 
The  device  that  produced  these  graphs 
consists  of  six  layers  (120  A  thick)  of 
GaAs  separated  by  five  equally  thick 
layers  of  AIGaAs.  The  top  spectrum 
shows  the  laser  emission  from  the  un¬ 
doped  sample  one  phonon  below  the 
lowest  quantum  states  (T).  When  zinc 
doping  is  introduced  into  the  sample 
(generating,  as  we  said,  a  large  back¬ 
ground  of  holes),  the  photogenerated 
hot  carriers  cannot  thermalize  to  as 
low  an  energy  before  recombination 
(because  of  screening  and  a  weaker 
electron-phonon  coupling),  and  the  la¬ 
ser  operation  (curve  b)  shifts  up  in 
energy  by  100  meV  to  the  region  of  the 
second  quantum  states  (2’)  of  the  coup¬ 
led  quantum  wells.  That  is,  the  high¬ 
er-energy  laser  operation  at  7665  A  of 
curve  b  involves  the  recombination  of 
carriers  that  are  hotter  than  those 
leading  to  the  laser  operation  (8180  A) 
at  the  lower  energy  of  curve  a. 

It  is  worth  mentioning  that  the  re¬ 
sults  of  figure  7  are  in  excellent  agree¬ 
ment  with  the  hot-electron  effects  men¬ 
tioned  earlier.  The  quantum-well 
laser  operation  occurring  at  7655  A  in 
curve  b  of  figure  7  corresponds  to  an 
electron  temperature  of  about  1330  K 
compared  to  a  lattice  temperature  of 
about  77  K  (the  copper  heat  sink  for  the 
crystal  is  immersed  in  liquid  nitro¬ 


gen).  In  essence,  the  impurity  screen¬ 
ing  has  switched  off  some  of  the  carrier 
energy  loss  to  the  lattice  (to  phonons), 
and.  as  a  consequence,  more  of  the 
input  energy  emerges  from  the  crystal 
as  higher  energy  recombination  radi¬ 
ation  (crystal  laser  output). 

Small  devices 

Although  the  ideas  and  examples 
presented  here  concerning  hot-electron 
effects  in  semiconductors  are  not  ex¬ 
haustive,  they  are  representative  and 
show  clearly  that  newer  semiconductor 
devices,  as  well  as  a  higher  level  of 
integrated  circuit  development  and 
smaller  sizes,  will  inevitably  make  hot- 
carrier  effects  more  and  more  impor¬ 
tant.  Making  semiconductor  elements 
smaller  and  closer  together  to  increase 
the  number  of  active  elements  per 
square  centimeter  or  per  chip,  is  not  a 
matter  of  just  finding  methods  of  reduc¬ 
ing  device  size  and  generating  a  micro¬ 
scopic  system  of  element  interconnec¬ 
tions.  New  physical  effects  and 
processes  will  appear. 

The  increased  power  densities  in¬ 
volved  in  small-device  operation  makes 
higher-order  processes  important.  For 
example,  we  mentioned  above  in  some 
detail  the  phonon  sidebands  that  ap¬ 
pear  in  quantum-well  heterojunction 
lasers.  It  is  clear,  however,  that  high 
phonon  densities  are  also  generated: 

►  during  material  processing  such  as 
laser  annealing 

►  by  the  exceedingly  high  local  current 
densities  possible  in  VLSI  elements 

►  in  research  such  as  picosecond  spec¬ 
troscopy. 

The  simple  statement  in  solid-state 
textbooks  that  indirect  optical  pro¬ 
cesses  (involving  phonons)  are  unim¬ 
portant  ceases  to  be  true  even  in  the 
case  of  direct  semiconductors. 

Another  class  of  new  effects  is  con¬ 
nected  with  the  unusual  boundary  con¬ 
ditions  in  small  structures.  The  cyclic 
(Born-von  Karman)  boundary  condi¬ 
tions,  which  are  so  convenient  in  solid- 
state  theory,  are  inappropriate  for 
quantum-well  heterostructures  and  for 
very  small  devices.  Instead  of  finding 
a  “repeated  crystal”  after  a  large  num¬ 
ber  of  atoms,  the  electron  can,  as  we 
know,  transfer  out  of  the  silicon  into 
the  silicon  dioxide  and  thereby  limit 
the  functioning  lifetime  of  semiconduc¬ 
tor  devices.  This  process  involves  elec¬ 
tron  energies  of  about  3  eV  above  the 
conduction-band  edge.  The  interesting 
question  therefore  arises  whether  this 
emission  process  can  be  avoided  by 
using  supply  voltages  lower  than  3 
volts  or  by  using  band-structure  effects 
such  as  Bragg  reflection.  This  ques¬ 
tion  is  also  relevant  for  the  possibility 
of  high-speed,  low-temperature  silicon 
circuits  but  is  too  complicated  for  us  to 
discuss  here  in  detail. 

The  effect  of  hot-electron  emission 


can  possess  positive  aspects,  as  it  can 
clearly  be  used  to  construct  ultra-fast 
electronic  switches.9  The  issue  of 
boundary  conditions  and  size  effects 
also  opens  fascinating  possibilities  for 
optoelectronic  devices,  which  are  illus¬ 
trated,  for  example,  by  the  red-light 
emission  of  gallium  arsenide. 

Small  integrated  semiconductor  de¬ 
vices  already  have  had  a  strong  impact 
on  our  daily  lives;  the  impact  promises 
to  continue  and,  in  fact,  increase  in 
scope.  This  will  in  turn  further  stimu¬ 
late  research  in  the  field  of  “ultra-small 
electronics." 

•  •  * 

We  are  indebted  to  John  Bardeen  and 
Charles  B.  Duke  for  helpful  comments,  and 
to  the  NSF,  the  Navy,  and  the  Army  for 
support. 
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